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Abstract 
The a n a l y t i c a l advantages of some novel approaches to atoraisation 
using gaseous sample transport and s l u r r y n e b u l i z a t i o n have been 
investigated and applied to the determination of trace metals i n c o a l . 
A cold vapour atomic fluorescence spectroscopic method for the deter-
mination of mercury using a gas-sheathed atom c e l l and front surface 
i l l u m i n a t i o n was developed. With a manual i n j e c t i o n techjiique the 
detection l i m i t was 0.01 ng. Replacement with a continuous flow 
system y i e l d e d a more rapid and precise method with a detection l i m i t 
of C.045 ng.ml"^. Quantitative r e c o v e r i e s of mercury from a standard 
coal were obtained through l i b e r a t i o n of the analyte using non-
oxidative p y r o l y s i s . 
Continuous hydride generation methods f o r the determination of 
a r s e n i c and selenium using atomic absorption and atomic fluorescence 
spectrometry were developed. The detection l i m i t s (0.34 ng.ml"! f o r 
a r s e n i c and 0.13 ng.ml"! for selenium) were adequate for l e v e l s 
t y p i c a l l y present i n c o a l . Arsenic and selenium were determined i n 
coal a f t e r digestion with p e r c h l o r i c acid and i s o l a t i o n from i n t e r -
f e r e n t s by c o - p r e c i p i t a t i o n on lanthanum ( H I ) hydroxide. R e s u l t s 
f o r the determination of mercury, a r s e n i c and selenium i n standard 
coals are presented. 
The a n a l y s i s of aqueous whole coal s l u r r i e s (up to 25% ^/v) 
using a Babington type nebuliser with an i n d u c t i v e l y coupled a l l -
argon plasma i s described. The e f f e c t s on atomisation e f f i c i e n c y 
of p a r t i c l e s i z e , s l u r r y concentration and sample pumping rate were 
in v e s t i g a t e d . Comparisons are drawn between s l u r r y and aqueous 
so l u t i o n optimum operating conditions and a two-stage s l u r r y atora-
i s a t i o n process i s postulated. S p e c t r a l and background i n t e r f e r e n c e s 
were a l l e v i a t e d by scanning the a n a l y t i c a l l i n e s used. Promising 
r e s u l t s are presented f o r a rajige of coals. 
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1 INTRODUCTION 
1.1 THB DEVELOPING ENERGY CRISIS AND COAL AS A,N SIfERGY S0URC3 
The 1970's i n p a r t i c u l a r v/as a decade i n which the indus-
t r i a l 7/orld became p a i n f u l l y av/are of the e x h a u s t i b i l i t y 
of f o s s i l f u e l s , with the r e a l i s a t i o n t h ^ t the e r a of 
cheap energy had passed. I n contrast to the ephemeral 
nature of o i l and gas r e s e r v e s , coal represents a much 
longer term source of energy. The world's r e l a t i v e abun-
dance of coal r e s e r v e s and t h e i r more s t r a t e g i c d i s t r i b -
u t i o n make co a l an a t t r a c t i v e a l t e r n a t i v e to o i l as a 
feedstock f o r the chemical and f u e l i n d u s t r i e s . E s t i r a -
q 
a t e s of coal r e s e r v e s i n B r i t a i n range up to 200 x 10 
tons, which can be compared to the present National Coal 
Board y e a r l y output of 120 x 10^ tons. Although only a 
small percentage of the former f i g u r e i s recoverable by 
present day mining methods, i t i s evident that coal w i l l 
be the dominant f o s s i l f u e l throughout the 21st century. 
I n recent y e a r s n a t u r a l gas has been welcomed as a r e l a -
t i v e l y clean and e a s i l y d e l i v e r e d energy source but even-
t u a l l y s u p p l i e s of such gas v / i l l end. Attention must then 
be turned to producing s u b s t i t u t e s from other a v a i l a b l e 
sources of f o s s i l f u e l and i t seems l i k e l y that we s h a l l 
r e t u r n to gas supp l i e s produced from c o a l . Although i t 
night at f i r s t sight appear economically u n a t t r a c t i v e 
and thermally i n e f f i c i e n t to g a s i f y or l i q u e f y the p r i -
mary f u e l , as opposed to using i t d i r e c t , there are 
s e v e r a l major advantages a r i s i n g from the former course 
of a c t i o n , 
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The conventional usags of coal i n v o l v e s straightforv/ard 
combustion, the evolved heat being used to generate 
steam to d r i v e turbines v/hich i n turn generate e l e c -
t r i c a l power. I n recent y e a r s , c o a l combustion (along 
v/ith other means of producing energy) has been i d e n t i f -
i e d as a p o t e n t i a l source of p o l l u t i o n from v o l a t i l e 
t r a c e elements. Llany elements have been i d e n t i f i e d i n 
coal (1, 2) and i t i s a subject of i n t e n s i v e study as to 
v/hich become airborne a f t e r combustion. Coal has been 
suspected because of the general knowledge that a v a r i -
ety of t r a c e elements, some of v/hich are t o x i c to animal 
and plant l i f e i n other chemical combinations, occur i n 
c o a l ( 3 ) . 
The p a r t i c u l a t e emissions from coal f i r e d steam p l a n t s , 
equipped with modern p o l l u t i o n c o n t r o l devices, c o n s i s t 
p r i m a r i l y of sub-micron p a r t i c l e s . Recent work (4,5) has 
shown that the smaller f l y ash p a r t i c l e s produced may be 
considerably enriched i n s e v e r a l t o x i c t r a c e elements. 
The most widely accepted mechanism (4) involves v o l a t i l -
i s a t i o n of these elements during combustion followed by 
adsorption or condensation on the a v a i l a b l e matrix mater-
i a l , mainly n o n - v o l a t i l e oxides of A l , i.lg, ?e and S i . 
These s m a l l e r p a r t i c l e s , enriched i n p o t e n t i a l l y t o x i c 
t r a c e metals, a l s o have the highest atmospheric m o b i l i -
t i e s and are deposited predominantly i n the luncs (< 1 u r n ) , 
while l a r g e r p a r t i c l e s (1-20.urn) are deposited p r i m a r i l y 
i n the n a s a l and bronchial regions of the human 
r e s p i r a t o r y system ( 4 ) . 
I n a d d i t i o n to problems of t o x i c t r a c e element d i s -
charges to the environment through p a r t i c u l a t e f l y ash 
emissions, the d i s p o s a l of f l y and bottom ashes a l s o 
r e q u i r e s c a r e f u l planning. I n a t y p i c a l plant the l a r g e r , 
e l e c t r o s t a t i c a l l y p r e c i p i t a t e d f l y ash p a r t i c l e s and 
stack or bottom ashes are often disposed of as s l u r r i e s 
( 6 ) . Such processes are fraught v/ith a number of prob-
lems, p a r t i c u l a r l y e f f l u e n t leakages and i n reclamation 
of ash covered land. P l a n t s grov;n on ash amended s o i l s 
have absorbed unusually high l e v e l s of As, 3, i.io, P and 
Se (7, 8, 9, 1 0 ) . Animals and aquatic organises (11, 12) 
have accumulated selenium from f l y ash e f f l u e n t s and 
t h i s element causes p a r t i c u l a r concern. 
The large tonnages of c o a l to be consumed could l e a d to 
r e l a t i v e l y large amounts of t o x i c m a t e r i a l s entering the 
environment. Some s t u d i e s (13) on the f a t e of t r a c e 
elements during coal combustion have revealed that the 
r e l a t i v e l y v o l a t i l e metals, As, Hg, Ni and Se, gave 
negative m a t e r i a l balances. These s t u d i e s i n d i c a t e d that 
up to 65^, 60^^ and 55?b of the Hg, As and Se r e s p e c t i v e l y , 
o r i g i n a l l y present i n the c o a l , could not be accounted 
f o r i n the waste streanis analysed. I.iore recent '.vork ( 1 4 ) , 
however, has shovm t h a t , through the a p p l i c a t i o n of 
s u p e r i o r a n a l y t i c a l techniques to v/aste a n a l y s i s , e f f e c -
t i v e and q u a n t i t a t i v e m a t e r i a l balances are obtainable. 
The authors conclude that almost a l l the a r s e n i c and s e l e -
nium present i n the coal appear i n the f l y ashes and ex-
haust.gases, large proportions of which elude the 
p o l l u t i o n control mechanisnis. 
Coal l i q u e f a c t i o n and g a s i f i c a t i o n , hovvever, are nece-
s s a r i l y c a r r i e d out i n p r e s s u r i s e d v e s s e l s and by-
product and waste offtake are sore r e a d i l y s o n i t o r e d . 
The L u r g i (15) g a s i f i c a t i o n process v/as f i r s t demon-
s t r a t e d comniercially i n 1936 and i t has been e x t e n s i -
v e l y developed s i n c e then. I n t h i s process i n d i v i d u a l 
lumps of f u e l are p r o g r e s s i v e l y g a s i f i e d as they slowly 
descend through the upward flow of gaseous products. 
T h i s arrangement promotes heat t r a n s f e r from gas to 
s o l i d so that the heat r e l e a s e d i s used e f f i c i e n t l y . 
Molten s l a g i s continuously removed from the base of 
the r e a c t o r and c o l l e c t e d i n "quench" water, which v / i l l 
therefore contain a high proportion of the n o n - v o l a t i l e 
metals present i n the coal feedstock. Gas offtake temp-
er a t u r e s are low, t y p i c a l l y 200-600° C, r e s u l t i n g i n 
many of the v o l a t i l e c o n s t i t u e n t s appearing i n the cond-
ensable hydrocarbon byproducts. The high mobility of 
these metals may cause undesirably high l e v e l s to 
appear i n the f i n a l product. Thus there i s incr e a s e d 
i n t e r e s t i n determining these metals i n coal and r e l a t e d 
m a t e r i a l s , f o r example, so that t r a c e metal balances i n 
coal g a s i f i c a t i o n p l a n t s may be constructed. 
The t o x i c i t y and c a r c i n o g e n i c i t y of the metals of i n t e r -
est c o n s t i t u t e p o t e n t i a l l y severe h e a l t h hazards, ? o r 
d e t a i l e d d i s c u s s i o n s of s p e c i f i c subject areas the reader 
i s r e f e r r e d to some of the s p e c i a l i s e d t e x t s (16, 17, 18, 
19) a v a i l a b l e . However, a review by Piperno (20) i s 
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both readable and informative and some s a l i e n t points 
are worthy of iziiaediate c o n s i d e r a t i o n . 
1.2 TRACE SLBTnlENT ET.aSSIONS: ASPECTS 0? SIiyiROITLSlITAL 
TOXIC-OLOGY 
1.2.1 GEIfSRAL TOXICOLOGY 
Increased p o t e n t i a l h e a l t h r i s k s are now a s s o c i a t e d with 
those elements v/hich are highly v o l a t i l i s e d (e.g. mer-
cury, a r s e n i c and selenium) and those discharged primar-
i l y as submicron p a r t i c l e s (such as Cd, Pb, Ni and V; 
see s e c t i o n 1,1). A v a i l a b l e pharmacological and t o x i c o -
l o g i c a l data provide a b a s i s for p r e d i c t i n g the b i o l o g i -
c a l consequences of e x c e s s i v e t r a c e element exposures. 
Whilst parameters and mechanisms of i n j u r y are knovm, 
i n many i n s t a n c e s , t o l e r a b l e body burdens f o r each 
t r a c e element must be defined. 
1.2.2 BIOCHEMICAL TOXICOLOGY 
The chemical and p h y s i c a l d i s s i m i l a r i t i e s of trace e l e -
ments account f o r t h e i r wide scope of t o x i c o l o g i c a l 
e f f e c t s , rjany metals, however, share common pr o p e r t i e s 
v;hich may serve as a b a s i s f o r t h e i r t o x i c i t y . Hg, As, 
Se, Cd and Pb, f o r example, a l l i n h i b i t a large number of 
enzymes having f u n c t i o n a l -SK groups. Binding to n u c l e i c 
a c i d s a f f e c t s t h e i r conformations and d i s r u p t s pathways 
of oxidative phosphorylation. Heavy metals stimulate 
or i n h i b i t a wide v a r i e t y of enzyme s y s t e m s s o m e t i m e s 
f o r protracted periods and these e f f e c t s may be so sens-
i t i v e as to precede overt t o x i c i t y . Heavy metal 
metabolic i n j u r y , i n a d d i t i o n to producing primary t o x i -
c i t y , can adversely a f f e c t drug d e t o x i f i c a t i o n mechanisms, 
with p o s s i b l e secondary consequences, ?rom a t o x i c o -
l o g i c a l '/ie'.vpoint the c l a s s i f i c a t i o n of tra c e elements 
int o e s s e n t i a l and n o n - e s s e n t i a l may have been over-emph-
a s i s e d s i n c e both ca t e g o r i e s may produce t o x i c i t y . The 
f a c t o r s a f f e c t i n g t r a c e element t o x i c i t y include the phy-
s i c a l and chemical c h a r a c t e r i s t i c s of the substance, i t s 
dose or concentration, exposure time, absorption r a t e , 
metabolic r a t e and indigenous defence mechanisms, A 
f u r t h e r s i g n i f i c a n t threat posed by heavy metals i s t h e i r 
tendency towards long b i o l o g i c a l h a l f - l i v e s , f o r example, 
10-25 years f o r cadmium. I n a d d i t i o n to cadmium, other 
metals known to accumulate i n msLn are As, Kg and Pb. 
1.2.3 GENETIC AI.^ D NEONATAL TOXICITY 
The a b i l i t y of heavy metals r e a d i l y to cross the placenta 
and d i s r u p t n u c l e i c a c i d s , coupled vri.th the high s e n s i -
t i v i t y of the foetus and neonate i n c r e a s e s the poten-
t i a l dangers of congenital and neonatal t o x i c i t y . 
T e r a t o g e n i c i t y i n experimental animals has been demon-
s t r a t e d v/ith a r s e n i c , cadmium, lead , inorganic and orga-
n i c mercury. The organic forms of mercury cross the 
placenta more r e a d i l y than inorganic forms, 
Som.e elements, notably Cd, Hg, Se and Zn are l i k e l y to 
be isomorphous and may compete f o r the same ensyme bi n -
ding s i t e s . Thus, under c e r t a i n conditions, e i t h e r 
s y n e r g i s t i c or a n t a g o n i s t i c e f f e c t s may be observed. 
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Some workers have reported the prevention of mercury 
poisoning by selenium and v i c e v e r s a . S i m i l a r e f f e c t s 
h^ve been reported f o r other metal p a i r s . 
1.2.4 PHYTOTOKICITY AIID RSLATBD PROBLBIr.S 
P l a n t s represent man's s i n g l e most important source of 
t r a c e elements. V/hen i n d u s t r i a l contamination of s o i l 
occurs, p o l l u t a n t s may be incorporated i n t o surrounding 
food crops. Heavy metal t o x i c i t y i n p l a n t s i s infrequent 
I n many cases, metal concentrations i n p l a n t s show poor 
c o r r e l a t i o n v/ith s o i l concentrations of the elements. 
P l a n t s tend to exclude c e r t a i n elements and r e a d i l y a c c -
ept or concentrate others. Natural p l a n t : s o i l concen-
t r a t i o n r a t i o s of 0:05 or l e s s have been reported f o r 
As, Be, Cr, Ga, Hg, Ni and V. Human blood l e v e l s of 
selenium are reported to c o r r e l a t e somev/h^t with s o i l 
concentrations of the element. 
Of the elements c i t e d , Hg, As and Se are of p a r t i c u l a r 
i n t e r e s t i n c o a l and a study of v o l a t i l e t o x i c t r a c e 
metals i s timely. I f applied to the a n a l y s i s of c o a l , 
t a r s , e f f l u e n t s and other r e l a t e d m a t e r i a l s , such s t u d i e s 
would enable the c o n s t r u c t i o n of environmentally s i g n i f -
i c a n t t r a c e metal balances w i t h i n a c o a l g a s i f i c a t i o n 
p l a n t . I n i t i a l a t t e n t i o n has been d i r e c t e d to c o a l 
samples s i n c e t h i s matrix poses the most severe analy-
t i c a l problems. 
The approaches to and problems of sample pretreatment are 
discussed i n the next s e c t i o n , along with an a p p r a i s a l 
of the scope and l i m i t a t i o n s of the a n a l y t i c a l techniques 
commonly used i n the determination of t r a c e metals i n 
c o a l , 
1.3 JUSTI?ICATION ?0R TH5 RSSEARCH AIID .CURRENT alETHODOLQGlSS 
Although the metals of p a r t i c u l a r concern, Hg, As and Se 
are present i n coal i n only t r a c e amounts, the l a r g e ton-
nages of coal to be g a s i f i e d could lead to r e l a t i v e l y 
l a r g e amounts of these metals entering the environment. 
I t i s therefore becoming necessary to accumulate data on 
the l e v e l s of these metals i n coal and t h e i r f a t e during 
combustion, g a s i f i c a t i o n and l i q u e f a c t i o n . Thus, a n a l -
y t i c a l techniques a p p l i c a b l e to both c o a l and r e l a t e d 
products ( i . e . various ashes, gases, t a r s , s l ags and 
l i q u o r s ) are re q u i r e d . The problem of sample treatment 
i s i n t e n s i f i e d because of the highJ.y i n t r a c t a b l e nature 
of the coal matrix and a v a r i e t y of approaches have been 
used to obtain s o l u t i o n s s u i t a b l e f o r a n a l y s i s . The 
Optimum requirements f o r such a method are: d e s t r u c t i o n 
of the matrix to avoid i n t e r f e r e n c e problems; avoidance 
of elevated temperatures, thereby minimising l o s s e s of 
v o l a t i l e elements; prevention of undue d i l u t i o n of the 
sample of contamination from reagents used. 
I t has been proposed (21) that spark source mass spec t -
rometry o f f e r s a technique whereby t r a c e metals may be 
determined i n coal v/ithout sample d i s s o l u t i o n , but t h i s 
has not been widely confirmed. V/hile coal may be i r r a -
d iated i n order to determ.ine tr a c e metals by neutron 
a c t i v a t i o n a n a l y s i s i t may be necessary to combust (22) 
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or digest (23) the coal l a t e r i n order to concentrate 
the metals p r i o r to counting to obtain the necessary 
s e n s i t i v i t y . 
most a l t e r n a t i v e a n a l y t i c a l methods f o r coal e n t a i l 
p r i o r d e s t r u c t i o n of the matrix. Recently, low temper-
ature ashing (i50^C) u s i n g r a d i o frequency e x c i t e d oxy-
gen at lov; pressure has been used to prepare coal sam-
ples f o r a n a l y s i s . T h i s method, however, r e q u i r e s 
s p e c i a l i s t instrumentation and while the majority of 
metals are r e t a i n e d , some of the more v o l a t i l e may s t i l l 
be l o s t (22, 23). The longer e s t a b l i s h e d methods of high 
temperature ashing (450-500°C) and f u s i o n or v/et d i g e s -
t i o n s t i l l a t t r a c t considerable i n t e r e s t . 
Plame atomic absorption spectroscopy i s a simple, r a p i d 
and r e l a t i v e l y inexpensive method of determining t r a c e 
m.etal l e v e l s and has the advantage of being reasonably 
f r e e from i n t e r f e r e n c e s . Conventionally the v;orking 
range of the technique i s around 0.1 to 10 ug.ml * i n 
s o l u t i o n . Replacement of a s p i r a t i o n of aqueous samples 
i n t o the flame, a major source of i n e f f i c i e n c y , by gas-
eous sample transport has s i g n i f i c a n t l y lowered t h i s 
working range f o r s e v e r a l elements. Mercury d i s p l a y s an 
appreciable vapour pressure even at room temperature and 
thus, a f t e r reduction of Hg^ "*" to m e t a l l i c mercury i t may 
be aerated from s o l u t i o n and the vapours transported to 
a non-flame atom c e l l . S e v e r a l metals, notably As, 3 i , 
Ge, Sb, Se and Te, form gaseous covalent hydrides v;hJ.ch 
may be swept i n t o a flame or e l e c t r i c a l l y heated atom 
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c e l l \vhere they are decomposed and atomised. A major 
advantage of these t e c r j i i c u e s i s that complete matrix 
removal may no longer be necessary, although precautions 
may need to be taken to prevent i n t e r f e r e n c e s by concom-
i t a n t elements i n the generation of the hydrides. Sev-
e r a l workers determining Hg ( 2 4 ) . As (25) and Se (25) 
have reported systems i n which d i s c r e t e a l i q u o t s of 
sample are used f o r vapour generation. Other re p o r t s 
(26, 27, 28), hov/ever, describe the use of semi and f u l l y 
automated systems providing constant vapour generation. 
Although r e l a t i v e l y complex and expensive the f e a s i b i l i t y 
of such systems i s apparent and the advantages of such 
systems include: steady s t a t e s i g n a l s , leading to grea-
t e r convenience and accuracy; e l i m i n a t i o n of d i s c r e t e 
v a r i a b l e s , leading to improved p r e c i s i o n ; greater freedom 
from i n t e r f e r e n c e s ( 2 9 ) , leading to a p o t e n t i a l l y wider 
range of a p p l i c a t i o n s . I f improved s e n s i t i v i t y i s s t i l l 
r e quired i t has been shov/n that atomic fluorescence spect-
rometry i s often more s e n s i t i v e and reproducible than 
corresponding atomic absorption methods. 
The metals of i n t e r e s t have t h e i r p r i n c i p a l resonance 
l i n e s below 350 nm and therefore should be more amenable 
to a n a l y s i s using atomic absorption or atomic f l u o r e s -
cence methods (see s e c t i o n 1.5, p. 24) r a t h e r than conven-
t i o n a l atomic emission methods (e.g. flam.e and s p e c t r o -
graphic methods), The very much hotte r atom c e l l of the 
i n d u c t i v e l y coupled plasma (^a 7000 K) can, by i n c r e a -
s i n g the population of e x c i t e d analyte atoms, o f f e r 
10 
s e n s i t i v i t i e s approaching or exceeding those of atomic 
absorption and atomic fluorescence at wavelengths i n 
the s p e c t r a l region of i n t e r e s t . 
F^ethods combining matrix d e s t r u c t i o n and sample atomis-
a t i o n into one step w i l l i n e v i t a b l y a t t r a c t i n t e r e s t and 
the a n a l y s i s of f i n e l y powdered coal as an aqueous s l u r r y 
i s one such method. The high temperature atom c e l l and, 
under c e r t a i n c o n d i t i o n s , long residence times o f f e r e d 
by the i n d u c t i v e l y coupled plasma should a s s i s t r a p i d 
and complete matrix d e s t r u c t i o n and analyte atomisation. 
Hence i t may be p o s s i b l e to achieve equivalent s e n s i -
t i v i t i e s f o r s l u r r y and aqueous concentrations. 
Before s u i t a b l e a n a l y t i c a l methods can be s e l e c t e d c e r -
t a i n p r a c t i c a l l i m i t a t i o n s must be considered and these 
are subsequently d i s c u s s e d i n s e c t i o n 1.5. F i r s t a 
b r i e f account of the theory of a n a l y t i c a l atomic spectro-
scopy w i l l be given to enable a c r i t i c a l understanding 
of these l i m i t a t i o n s . 
1,4 THEORy 0? ATOMIC SPECTROSCOPIC TECHNIQUES 
1.4.1 HISTORICAL DS^/ELOPMENT 
Around the middle of the l a s t centur;>^ the experiments of 
Bunsen and K i r c h o f f e s t a b l i s h e d the b a s i c p r i n c i p l e s of 
atom.ic spectroscopy, the emission and absorption of 
r a d i a t i o n by d i s c r e t e atoms. Numerous examples of a l k a -
l i n e metal determinations u s i n g flame derived s p e c t r a 
were reported (30, 31). The f i r s t a p p l i c a t i o n s of 
atomic spectroscopy '.vere i n the f i e l d s of astroph^^sics 
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and astrochemistry, and l a t e r i n more fundan-ental 
spectroscopic and atomic s t u d i e s . The p u b l i c a t i o n of 
a s e r i e s of papers (32) by Lundegardh i n 1928, i n which 
an a i r - a c e t y l e n e flame and a pneumatic n e b u l i s e r were 
used f o r atomic emission spectroscopy, revived i n t e r e s t 
i n a n a l y t i c a l atomic spectroscopy. I n the mid 1940's 
instruments became a v a i l a b l e mostly f o r the determin-
a t i o n of the a l k a l i metals, e x p l o i t i n g t h e i r e a s i l y 
e x c i t e d resonance l i n e s . More r e c e n t l y atomic emis-
si o n spectroscopy has been used to determine a range 
of elements v/hich encompasses most of the p e r i o d i c 
t a b l e . I n 1955 Alkemade and U i l a t z ( 3 3 ) , and Walsh (34) 
independently published papers on the a n a l y t i c a l use-
f u l n e s s of atomic absorption spectroscopy, although 
V/alsh had p r e v i o u s l y demonstrated a complete laboratory 
system i n a patent s p e c i f i c a t i o n i n 1953 ( 3 5 ) . The 
f i r s t of many experimental developments of the tech-
nique v/ere reported (36) by Walsh and co-v/orkers i n 
1957. 
Atomic fluorescence spectrometry, the measurement of 
r a d i a t i o n from d i s c r e t e atoms which have been e x c i t e d 
by absorption of r a d i a t i o n from a source not seen by the 
detector, was f i r s t reported by Wood (37) i n 1905 when 
he succeeded i n e x c i t i n g fluorescence of the D l i n e s of 
sodium vapour. The a n a l y t i c a l a p p l i c a t i o n s V7ere f i r s t 
pointed out by Alkemade (38) i n 1962, v/ho used the atomic 
fluorescence of sodium i n flames to study the e x c i t a t i o n 
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and d e a c t i v a t i o n of atoms. The t h e o r e t i c a l b a s i s of an 
a n a l y t i c a l method was o u t l i n e d by V/inefordner and 
Vi c k e r s (39) who i n 1964 published the f i r s t of many 
papers reporting experimental r e s u l t s . 
Since the theory and methodology of these three tech-
niques are comprehensively described i n the l i t e r a t u r e 
(34, 40-45), the following s e c t i o n w i l l attempt only to 
summarise some of the more re l e v a n t p o i n t s . 
1.4.2 THEORY AITD LiETHODOLOGY 
The absorption and emission of r a d i a t i o n are a s s o c i a t e d 
with and c h a r a c t e r i s t i c of t r a n s i t i o n s of atoms from one 
steady s t a t e to another. ? o r tv/o steady s t a t e s , i and j , 
of energies E^ and , where E ^ ^ E ^ , then the absorption 
of l i g h t accompanies the t r a n s i t i o n i - ^ j , and the emis-
sio n of l i g h t accompanies the t r a n s i t i o n j - ^ i . The 
c h a r a c t e r i s t i c frequency i s given by: 
\1 E . - S. 
^ j i = ^ 
^ 1.1 
h 
v.'here h i s P l a n c k ' s constant, 
E i n s t e i n ' s quantum theory of r a d i a t i o n defines th^ee types 
of t r a n s i t i o n betv/een l e v e l s i and j : 
1, emission ( j - > i ) , spontaneous t r a n s i t i o n s from an 
exci t e d s t a t e into a lower energy s t a t e ; 
2. absorption t r a n s i t i o n s ( i - ^ j ) , i n response to the 
ac t i o n of e x t e r n a l r a d i a t i o n of frecuency V-• ; 
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3. emission t r a n s i t i o n s ( j - ^ i ) stimulated by e x t e r n a l 
r a d i a t i o n of frequency V-^ • 
0 — 
The th^ee techniques of atomic spectroscopy are based on 
the f i r s t two types of t r a n s i t i o n and thus are c l o s e l y 
r e l a t e d . I n atomic absorption and atomic fluorescence 
spectroscopy the atoms are e x c i t e d ( i - ^ j ) by means of 
e x t e r n a l l i g h t sources emitting r a d i a t i o n c h a r a c t e r i s t i c 
of the analyte atoms,V^^. I n atomic absorption the 
f r a c t i o n of r a d i a t i o n absorbed by the analyte atoms i s 
monitored, v/horeas i n atomic fluorescence a portion of 
the r a d i a t i o n produced by r a d i a t i o n a l d e a c t i v a t i o n i s 
monitored. I n atomic emission spectroscopy the analyte 
atoms are e x c i s e d through c o l l i s i o n s with flame gas 
molecules, A portion of the r a d i a t i o n emitted v/hen a 
f r a c t i o n of the e x c i t e d atoms undergo r a d i a t i o n a l 
d e a c t i v a t i o n i s measured. 
An admirable d i s c u s s i o n of s p e c t r o s c o p i c theory and 
notation has been given by Mavrodineanu and Boiteux 
(45). I n a d d i t i o n , a rjomber of t e x t s concerning the 
r u l e s governing the t r a n s i t i o n s which give r i s e to 
observed atomic s p e c t r a are a v a i l a b l e . A d e t a i l e d 
study of these area i s outside the scope of t h i s v/ork, 
but the reader i s r e f e r r e d to the work of V/hJ.te (46) 
i n p a r t i c u l a r . 
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1.4.3 THEORY 0? QUANTITATI'/E ATOMIC SPECTRO?.-STRY 
1.4.3.1 ATO^:IC EMISSION 
The p r o b a b i l i t y of t r a n s i t i o n s from given l e v e l s ;vith a 
f i x e d atomic population v/as expressed by E i n s t e i n i n 
the form of th^ee c o e f f i c i e n t s . These s o - c a l l e d t r a n -
s i t i o n p r o b a b i l i t i e s are w r i t t e n A^^, B^^ and B^^, which 
r e f e r to spontcineous emission, absorption, and stimu-
l a t e d emission r e s p e c t i v e l y . They represent the r a t i o 
of the number of atoms undergoing a t r a n s i t i o n to the 
number i n the i n i t i a l l e v e l . The i n t e n s i t y of a spon-
taneous emission l i n e i s r e l a t e d to A^^ by the equation: 
lem = A . .h-\?.. . N . .... 1,2 
For a system i n dynamic e q u i l i b r i u m the number of atoms 
i n the ex c i t e d s t a t e , N., i s given by the Boltsmann 
0 
D i s t r i b u t i o n Law; 
: - i - -
where N^ i s the number of atoms i n the ground s t a t e , 
w ith energy E^ = 0 and g^ and g^ are the s t a t i s t i c a l 
weights of the j t h and ground s t a t e s r e s p e c t i v e l y . 
Thus: 
N. g. exp (- E,/kT) 
0 _ 0 J -l A — . . . . X . *t 
N g exo (- E /kT) 
0 0 * 0 
I f the t o t a l number of atoms present, N, i s expressed 
as the sum of the population of a l l l e v e l s , i . e . 
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N. g. exp (- E./kT) 
N y exp (- E^/kT) 
j 
= g exp (- E VkT) 
? (T) 
where P (T) i s knov/n as the p a r t i t i o n function. 
For a system i n thermodynamic e q u i l i b r i u m and n e g l e c t i n g 
s e l f absorution: 
l e a = A ,h\) .}} . exp (- E/kT) 
j i j i gj -
, • . • • ±. b 
? (T) 
Thus the i n t e n s i t y of atomic emission i s c r i t i c a l l y 
dependent on temperature. Moreover at low analyte 
concentrations ( i . e . f o r n e g l i g i b l e s e l f absorption) a 
plot of emission i n t e n s i t y against sample concentratioi 
i s a s t r a i g h t l i n e . 
1.4.3.2 ATOMIC ABSORPTION 
As with Lambert's lav/ i n molecular spectroscopy, atomic 
absorption e x h i b i t s an exponential r e l a t i o n s h i p between 
i n t e n s i t y of transmitted l i g h t , I , and the absorption 
path length, 
I = I ^ exp ( - k >j £) 1.7 
where I ^ i s the in c i d e n t l i g h t beam i n t e n s i t y and k i s 
the absorption c o e f f i c i e n t at the frequency V. I n 
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q u a n t i t a t i v e spectroscopy absorbance. A, i s defined as: 
A =: log ( l y i ) 1.8 
thus from equation 1,7 a l i n e a r r e l a t i o n s h i p i s obtained 
A = k^i log e 
= 0.4343 k / 1,9 
Atomic absorption corresponds to t r a n s i t i o n s from lov/er 
to hJ-gher energy l e v e l s and therefore the degree of 
absorption depends on the lower l e v e l population, which, 
f o r a system i n thermodynamic e q u i l i b r i u m i s governed by 
Boltzmann's law (1.3 above). Since the e x c i t e d l e v e l 
populations are u s u a l l y small r e l a t i v e to.the ground 
s t a t e population ( i . e . the lov/est energy s t a t e p e c u l i a r 
to the atom) absorption i s g r e a t e s t i n l i n e s r e s u l t i n g 
from t r a n s i t i o n s from the ground s t a t e . Such l i n e s are 
termed resonance l i n e s . 
I n t h e o r e t i c a l s t u d i e s three methods of measuring absorp-
t i o n have been e x t e n s i v e l y used, based on the measure-
ment of; 
1, the i n t e g r a t e d absorption c o e f f i c i e n t of a resonance 
l i n e ; 
2, the t o t a l energy absorbed from the continuous spec-' 
trum by a resonance l i n e ; 
3, the r e l a t i v e absorption of l i g h t from a source w i t h 
a l i n e spectrxim. 
Techniques based on the t h i r d method i n v o l v i n g measure-
ment of the absorption c o e f f i c i e n t d i r e c t l y at the l i n e 
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centre v/ere f i r s t proposed by V/alsh ( 3 4 ) . Hollow 
cathode lanips v/ith narrow emission l i n e p r o f i l e s v/ere 
proposed as s p e c t r a l sources and flanies, v/here the 
absorption l i n e s are broadened by Lorenta and Doppler 
e f f e c t s as the atom c e l l . Using a monochromator the 
emission l i n e i s i s o l a t e d and the i n t e n s i t y measured 
p h o t o e l e c t r i c a l l y v/ith and without absorbing analyte 
atoms i n the o p t i c a l path. The absorbance, A, i s r e l a -
ted to the concentration of analyte atoms i n the volume 
of the atom c e l l examined. The advantage of t h i s method 
i s that only a moderate monochromator i s required 
whereas i n t e g r a t e d absorption c o e f f i c i e n t measurements 
requi r e an instrument with high r e s o l v i n g power, 
1.4.3.3 ATOMIC ?LU0R5SC£1?CE 
Atomic fluorescence radiance i s dependent (47, 48, 49) 
on the radiance of the e x c i t i n g source ( I ^ ) , the dimen-
sio n s of the absorption c e l l and i^), the s o l i d 
angle of e x c i t a t i o n ( ) , the concentration of absorbing 
ground s t a t e atoms. (N^) , the e f f i c i e n c y of the absorp-
t i o n and fluorescence processes, the t r a n s i t i o n proba-
b i l i t y and the extent of l i n e broadening. V/inefordner 
(47) derived the following expression, which r e l a t e s at 
low analyte concentrations, these para~eters to the 
fluorescence i n t e n s i t y ( l ^ ) emitted at r i g h t angles to 
the source: 
k D N Xnf 6 I V' 




where x, i s the f r a c t i o n of N undergoing t r a n s i t i o n , 
Af O 
f i s the absorption o s c i l l a t o r strength, 6^^ i s a 
f a c t o r to account f o r the f i n i t e half-v/idth of the 
source compared to the absorption l i n e , Y' i s the 
fluorescence pov/er y i e l d and A^ ^ i s the t o t a l surface 
area of the i r r a d i a t e d aton c e l l . 
At low concentrations I« i s orooortional to II ( f o r 
I * • o 
p r a c t i c a l purposes the analyte concentration) and at 
high concentrations I« i s r e l a t e d to N Growth 
X O 
curves of log versus log N d i s p l a y t h i s behaviour. 
I t should be noted a l s o that i s d i r e c t l y r e l a t e d to 
J . 
and i n t e n s e , s t a b l e , sharp l i n e sources are d e s i r -
able, though l a s e r s , whach are capable of providing 
l a r g e amounts of energy over a small s p e c t r a l range 
have proved s u i t a b l e f o r use i n atomic fluorescence 
spectrometi^, 
I t i s not proposed here to reviev/ thoroughly the v a r -
ious flame and non flame atom c e l l s used i n atomic 
emission, absorption and fluorescence techniques. 
I n s t e a d a short account of the p a r t i c u l a r merits of 
the atom c e l l s adopted v / i l l be given i n the approp-
r i a t e chapters. However, i n view of the p a r t i c u l a r 
advantages of the i n d u c t i v e l y coupled plasma as an 
atom r e s e r v o i r and i t s proposed a p p l i c a t i o n to the analy^ 
s i s of s o l i d samples, a b r i e f account of the development 




S e v e r a l d i f f e r e n t types of plasma have been used as 
atomic eniission sources and the a p p l i c a t i o n s and l i m i t -
a t i o n s are w e l l documented. I n recent years the induc-
t i v e l y coupled plasma has a t t r a c t e d the gr e a t e s t a t t e n -
t i o n though recent reviev/ a r t i c l e s have appesired on the 
d.c, a r c plasma ( 5 0 ) , the c a p a c i t a t i v e l y coupled plasma 
( 5 1 ) , and the microwave induced plasma (51, 52), 
1.4.4.1 THE INDUCTIVSLY COUPLBD PLAST.IA 
The i n d u c t i v e l y coupled plasma (TCP) developed i n the 
1960's has gained much popularity i n recent y e a r s . The 
source u t i l i s e s a high frequency (7-50 I.IHz) magnetic 
f i e l d applied to a c o i l , at pov/ers of about 0,5-15 kW, 
to induce a discharge i n an argon or argon/nitrogen 
gas flow. 
Since t h i s work uses the ICP a summary of the develop-
ment, spect r o s c o p i c a n a l y t i c a l p r o p e r t i e s and advantages 
of t h i s source w i l l follow. 
1.4.4.2 HISTORy AlTD DEVELOPT.IENT OP THE INDUCTI^/ELY COUPLED 
PLASMA 
I n the e a r l y 1940's Babat (53. 54) observed an ICP d i s -
charge i n a i r , using power l e v e l s up to 100 kvV. T h i s 
v/ork was concerned v/ith s t a t i c plasmas and i t was not 
u n t i l 1961, with the work of Reed (55, 56) that flov;ing 
plasmas v/ere reported. Reed used both argon and argon/ 
nitrogen plasmas i n order to grow r e f r a c t o r y c r y s t a l s 
and although the p o t e n t i a l f o r producing emission 
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s p e c t r a was recognised the plasma was not used f o r 
a n a l y t i c a l purposes. The t o r c h described h^s fomied 
the b a s i c design f o r ICP torches used today, v/hich have 
changed l i t t l e from the Reed design. 
I n 1963 the ICP was f i r s t employed as a spectroscopic 
source by G r e e n f i e l d and co-workers (57) who a l s o 
introduced the next important m o d i f i c a t i o n of the plasma 
by using an annular shaped discharge. The torch i s 
described i n d e t a i l by G r e e n f i e l d ( 5 7 , 58) e± aX and 
has proved popular though s e v e r a l other torches have 
r e c e n t l y been reported ( 5 9 , 60, 6 1 ) . T h i s design of 
t o r c h uses a c e n t r a l ' i n j e c t o r tube' to introduce the 
sample a e r o s o l which punches a hole i n the f l a t t e n e d 
base of the plasma. There v/as disagreement i n i t i a l l y 
about the d e s i r a b i l i t y of an a x i a l channel through the 
plasma. I n 1965 Wendt and ? a s s e l (62) used a laminar 
flow torch whjLch produced a ' s o l i d ' e l l i p s o i d a l plasma, 
( s i m i l a r to that of Reed) ( 5 5 , 56) claiming an advantage 
of l e s s turbulence over the vortex flow arrangement. 
V e i l l o n and Llargoshes (63) used a s i m i l a r system but 
excluding the i n j e c t o r tube and reported s e r i o u s 
s o l u t e v a p o r i s a t i o n i n t e r f e r e n c e s , r e s u l t i n g presumably 
from i n e f f i c i e n t heating of the analyte as i t passed 
around i n s t e a d of through the discharge. 
I n 1969 Dickinson and P a s s e l (64) achieved improved 
powers of d e t e c t i o n using a three-tube torch s i m i l a r to 
that of G r e e n f i e l d and an u l t r a s o n i c n e b u l i s e r for 
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sample i n t r o d u c t i o n . I n the period 1976-1960 the 
i n d u c t i v e l y coupled plasma has been reviev/ed by a 
number of authors. G r e e n f i e l d et a l .have re^/iev;ed 
plasma j e t s , microwave and c a p a c i t a t i v e l y coupled 
sources and the I C ? i n a three part a r t i c l e (51, 58, 
65). 3ames (66) has produced an extensive re'-riev/ of 
the l i t e r a t u r e , v/hile Sharp's (52) review contains some 
t h e o r e t i c a l c o n s i d e r a t i o n s of emission spectrometry. 
The wide range of a p p l i c a t i o n s papers that has appeared 
shov/s that I C ? atomic emission spectrometry has been 
widely accepted. 
P o t e n t i a l l y one of the most important a s s e t s of the I C ? 
i s that i t may allow the d i r e c t a n a l y s i s of s o l i d or 
s l u r r i e d samples. T h i s was recognised as e a r l y as 1964 
by G r e e n f i e l d (57) and s e v e r a l papers have appeared 
repo r t i n g the a n a l y s i s of: b e r y l l i u m and boron i n 
aluminium and magnesium oxides (69) and t r a c e metals i n 
standard orchard leaves and coal ( 7 0 ) . The s u c c e s s f u l 
determination of s e v e r a l metals i n m i n e r a l o g i c a l samp-
l e s using s l u r r y atomisation has r e c e n t l y been reported 
( 7 1 ) . 
1.4.4.3 ADVAi\^TAGES 0? THE I C ? AS ST^IISSION SOURCE 
Summarising the properties of the ICP there are f i v e 
main advantages of the source v/hich are a t t r a c t i v e to 
a t n a l y t i c a l s p e c t r o s c o p i s t s : 
1, lov/ d e t e c t i o n l i m i t s , due to the high tempera-
tures experienced by the analyte passing through 
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the plasma (6-7000 K) and the i n h e r e n t l y low back-
ground of the source; 
2. the source i s o p t i c a l l y *thin* and l i n e a r c a l i b -
r a t i o n ranges of 4-5 orders of magnitude are v/idely 
reported; 
3. r e l a t i v e freedom from chemical i n t e r f e r e n c e s com-
pared with other techniques, p a r t i c u l a r l y arc and 
spark sources and p o s s i b l y atomic absorption 
spectrometry; 
4. the p o t e n t i a l to deal with l i q u i d , s l u r r i e d , s o l i d 
and gaseous samples; 
5. simultaneous or rapid-scanning multi-element 
c a p a b i l i t y . 
Before s u i t a b l e a n a l y t i c a l methods can be s e l e c t e d 
c e r t a i n p r a c t i c a l l i m i t a t i o n s must be considered and 
these are d i s c u s s e d below. 
1.5 PRACTICAL LII.IITATIONS AiND POSSIBLE L!ETH0D0L0GI2S 
Plame atomic absorption and atomic fluorescence gener-
a l l y o f f e r b e t t e r s e n s i t i v i t y than flame atomic emis-
s i o n f o r elements having t h e i r p r i n c i p a l resonance l i n e s 
belov/ ap?ro:cLmately 350 nm. T h i s i s p r i n c i p a l l y due 
to the i n a b i l i t y of even the hott e s t flames to produce 
s i g n i f i c a n t populations of e x c i t e d atoms to undergo 
hagh energy, short wavelength t r a n s i t i o n s . Furthermore 
other s t u d i e s (47» 72, 73) have shov/n that i f an atomic 
resonance l i n e i s measured by a l l three techniques, 
flame atomic emission should produce lov;er d e t e c t i o n 
l i m i t s than atomic absorption or atomic fluorescence 
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f o r r e s o n a n c e l i n e s above a p p r o x i m a t e l y 400 nm, between 
300 and 400 nm a l l t h r e e methods s h o u l d g i v e s i m i l a r 
l i m i t s , but belov/ 300 nn a t o m i c a b s o r p t i o n and a t o m i c 
f l u o r e s c e n c e s h o u l d p r o v i d e lov/er d e t e c t i o n l i m i t s . 
S y s t e m a t i c e r r o r s a r i s i n g from monochromator d r i f t and 
s m a l l v a r i a t i o n s i n d e t e c t o r r e s p o n s e d u r i n g a n a l y s i s 
a r e a b s e n t i n a t o m i c a b s o r p t i o n methods s i n c e the r a t i o 
o f the a b s o r b e d and unabsorbed s i g n a l s i s measured. 
T h i s i s both an advantage and a d i s a d v a n t a g e s i n c e i t 
i s d i f f i c u l t e x p e r i m e n t a l l y t o measure a v a n i s h i n g l y 
s m a l l d i f f e r e n c e i n two l a r g e q u a n t i t i e s and t h u s a 
l i m i t i s p l a c e d on the s e n s i t i v i t y o f a t o m i c a b s o r p t i o n 
t e c h j i i q u e s . The s e n s i t i v i t i e s of a t o m i c e m i s s i o n and 
a t o n i c f l u o r e s c e n c e a r e not l i m i t e d i n t h i s v/ay and may 
be i n c r e a s e d by u s i n g h i g h e r t e m p e r a t u r e s ( e m i s s i o n ) 
and b r i g h t e r s o u r c e s ( f l u o r e s c e n c e ) . L-oreover, the 
u s e of a h i g h t e m p e r a t u r e atom, c e l l , s u c h as the i n d u c t -
i v e l y c o u p l e d plasma, v e r y l a r g e l y e l i m i n a t e s the 
l i m i t a t i o n s of atomic e m i s s i o n a t v/avelengths below 400 
rjn. P u b l i s h e d r e s u l t s f o r the i n d u c t i v e l y c o u p l e d 
plasma t e n d t o confirm t h i s . 
Sample p r e t r e a t m e n t methods a l s o r e q u i r e c a r e f u l a t t e n -
t i o n i f a n a l y t i c a l methods s u i t a b l e f o r r o u t i n e use a r e 
to be r e a l i s e d . U n l e s s e l e v a t e d t e m p e r a t u r e s , p r e s s u r e s 
o r highJLy o x i d i s i n g a c i d s a r e u s e d , c o a l i s e x t r e m e l y 
r e s i s t a n t t o c o n v e n t i o n a l a c i d d i g e s t i o n t e c h n i q u e s . 
ThjLS n a t u r a l l y c a u s e s problems i n a t t e m p t s to d i g e s t 
c o a l v/hj.le q u a n t i t a t i v e l y r e t a i n i n g v o l a t i l e t r a c e 
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metals. Moreover, t y p i c a l sajuple s o l u t i o n concen-
t r a t i o n s are u n l i k e l y to exceed about m/v. I n some 
American c o a l s an average mercury concentration of 
0, 2^ \ig. g'^ has been estimated ( 2 2 ) , v/hich f o r a 555 m/v 
sample s o l u t i o n represents a s o l u t i o n containing 1.2 
n g . s l ^ of mercuiy. T h i s concentration i s too lov/ to 
be determined by atomic absorption techniques using 
pneumatic n e b u l i s a t i o n and a i r / a c e t y l e n e flames. ? o r 
mercury, however, a s p e c i f i c approach i s p o s s i b l e , 
using cold vapour re d u c t i o n - a e r a t i o n tecimiques. The 
v/orking range of atomic absorption measurements i s 
then s i g n i f i c a n t l y lowered. The atom c e l l s used i n 
cold vapour atomic absorption determinations are f r e -
quently of the closed system type which use quartz 
tubes to contain the mercury i n the o p t i c a l path. T h i s 
type of c e l l i s unsuitable when the use of atomic 
fluorescence spectrometry i s d e s i r e d , f o r example, when 
e x t r a s e n s i t i v i t y i s required f o r low mercury c o a l s . 
Thus a s u i t a b l e atom c e l l i s required i f atomic f l u o r -
escence spectrometry i s to be used to determine v e i ^ lov, 
l e v e l s of mercury. 
An e n t i r e l y analogous s i t u a t i o n e x i s t s f o r a r s e n i c and 
selenium. Although t y p i c a l concentrations of these 
metals i n co a l are g e n e r a l l y higher than that of mer-
cury, problems of poor s e n s i t i v i t y and p r e c i s i o n are 
again encountered using pneumatic n e b u l i s a t i o n and a i r / 
acetylene flames. The poor s i g n a l to background r a t i o s 
observed at the p r i n c i p a l resonance l i n e s of a r s e n i c 
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and selenium (193.7 and 19&.0 nm r e s p e c t i v e l y ) are mainly 
a t t r i b u t a b l e to the hiigh absorption at these wavelengths 
of flame gas s p e c i e s . ThJ.s may l a r g e l y be overcome by 
using the more transparent hydrogen-based entrained a i r 
d i f f u s i o n flames, using e i t h e r argon or nitrogen as 
support gas. These cooler flames, however, are prone 
to i n t e r f e r e n c e s caused by incomplete s a l t d i s s o c i a t i o n 
and molecular absorption v/hen s o l u t i o n s are a s p i r a t e d 
d i r e c t l y . H e b u l i s a t i o n and atomisation e f f i c i e n c y can 
be improved by generation and a s p i r a t i o n of gaseous 
hydrides d i r e c t l y into the atom c e l l . The flame and 
e l e c t r i c a l l y heated quartz tube atomisers used i n 
atomic absorption determinations are incompatible v/ith 
atomic fluorescence methods. An atom c e l l comprising 
of a s u i t a b l y designed burner and a hydrogen based/ 
entrained a i r d i f f u s i o n flame should o f f e r s e v e r a l 
advantages v/hen used with atomic fluorescence s p e c t r e -
metry. Argon i s to be preferred to nitrogen as the 
flame support gas since the l a t t e r s e r i o u s l y quenches 
fl u o r e s c e n c e . 
P r i o r d e s t r u c t i o n of the coal matri:-: may be avoided i f 
a r e l i a b l e method for the a n a l y s i s of whole coal samples 
can be developed. The d i r e c t i n t r o d u c t i o n of aqueous 
whole coal s l u r r i e s into an i n d u c t i v e l y coupled plasma 
may be s u i t a b l e , but e f f i c i e n t and r a p i d matrix d e s t r u c -
t i o n and a n a l y t e atomisation are e s s e n t i a l i f s u f f i c i e n t 
s e n s i t i v i t y and p r e c i s i o n are to be obtained. The hot 
atom c e l l and, -under c e r t a i n circumstances, long 
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residence times a v a i l a b l e with the i n d u c t i v e l y coupled 
plasma may s a t i s f y these c o n d i t i o n s . 
When s e n s i t i v i t y i s not c r i t i c a l i t i s g e n e r a l l y e a s i e r 
to use atomic absorption r a t h e r than atomic f l u o r e s -
cence spectrometry. However, the t y p i c a l l e v e l s of these 
metals i n c o a l , coupled v;ith the l i m i t a t i o n s of conven-
t i o n a l v/et chemical d i g e s t i o n procedures, means that 
atomic absorption i s u n l i k e l y to provide s u f f i c i e n t 
s e n s i t i v i t y f o r t h e i r r o u t i n e determination i n c o a l . 
1.6 OBJECTIVES A>ID SCOPE OP THIS WORK 
?or c o a l , as v/ith o i l and gas, i t i s e s s e n t i a l to use 
i t s energy content e f f i c i e n t l y , not only to conserve 
r e s e r v e s , but a l s o to minimise process plant s i z e , feed-
stock requirements and thus f i n a l product cos t . Coal 
g a s i f i c a t i o n and l i q u e f a c t i o n o f f e r not only routes f o r 
the production of f u e l s and chemicals at high thermal 
e f f i c i e n c i e s , but also a m.eans of producing them \7ith 
s i g n i f i c a n t l y reduced p o l l u t i o n hazards r e l a t i v e to 
those a s s o c i a t e d with coal combustion. Furthermore, 
dependence on i n c r e a s i n g l y c o s t l y and u n c e r t a i n s u p p l i e s 
of petroleum feedstock i s reduced. 
V/e have seen from the preceding d i s c u s s i o n s that the 
inc r e a s e d use of coal may lead to s i g n i f i c a n t amounts of 
s e v e r a l v o l a t i l e t r a c e metals e n t e r i n g the environment. 
The to:d.c and carcinogenic p r o p e r t i e s of these metals 
causes p a r t i c u l a r concern and i t i s becoming i n c r e a s i n g l y 
necessary to accumulate data on t h e i r d i s p e r s i o n and 
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f a t e i n and around c o a l - u t i l i s i n g power p l a n t s . Befor? 
the c o n s t i n c t i o n of envirorjnentally s i g n i f i c a n t mass 
balances i s p o s s i b l e , r e l i a b l e a n a l y t i c a l methods 
s u i t a b l e f o r the routine determination of these v o l a -
t i l e metals i n coal are necessary. V/e have also d i s -
cussed some of the l i m i t a t i o n s of conventional sample 
preparation and a n a l y t i c a l techniques commonly used i n 
the determination of lov/ l e v e l s of t r a c e metals. The 
v;ork presented i n t h i s t h e s i s i s d i r e c t e d tov/ards the 
attainment of a number of goals, which are summarised 
as the development of: 
a. r e l i a b l e and q u a n t i t a t i v e methods f o r the e x t r a c -
t i o n and c o l l e c t i o n of v o l a t i l e metals from coal 
samples; 
b. methods f o r the generation and transport- of 
gaseous an a l y t e s from the s o l u t i o n s produced i n a, 
above; 
c. atom r e s e r v o i r s s u i t a b l e f o r the determination of 
mercur;y, a r s e n i c and selenium using atomic f l u o r -
escence spectrometry-; 
d. methods f o r the determination of trac e metals i n 
whole co a l through the d i r e c t i n t r o d u c t i o n of 
aqueous whole coal s l u r r i e s into an i n d u c t i v e l y 
coupled plasma.. 
Of the elements c i t e d , mercury, a r s e n i c and selenium 
are of p a r t i c u l a r i n t e r e s t i n coal and would conven-
i e n t l y i l l u s t r a t e the problems and p o t e n t i a l i t i e s of 
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these approaches to atomisation. Gaseous sample t r a n s 
port and s l u r r y i n j e c t i o n o f f e r s e v e r a l a n a l y t i c a l 
advantages and an opportunity to study these novel 
approaches to atomisation. 
Chapter 2. D5T3Hr.:i:;ATI0N 0? i.ISRCURy USING COLD '!J^:?0\JR ATOi-iIC 
?I-U0?.ESC3:NC5 S?ECTR0r,?3TRY Al-H) A GAS-SK3ATH5D ATC;-^  CSLL. 
2.1 E^TRODUCTIO-r 
Accompan^/ing the awareness of the dangers of p o l l u t i o n by mer-
cury i s the need f o r more accurate and r e l i a b l e methods a p p l i c a b l e 
to the wide range of m a t e r i a l s v/hich may contain t r a c e s of mercury 
present i n both organic and inorganic combination. Although many 
methods f o r the determination of low l e v e l s of mercury have been pub-
l i s h e d i n the l a s t 50 y e a r s , most date from l e s s than 15 y e a r s ago. 
Each method has i t s c h a r a c t e r i s t i c advantages and l i m i t a t i o n s which 
are d i s c u s s e d b r i e f l y below. ? o r a f u l l e r d i s c u s s i o n the reader i s 
r e f e r r e d to the review by Chilov ( 7 4 ) . 
Under i d e a l conditions c o l o r i m e t r i c procedures may be very s e n s i t i v e 
(capable of detecting approximately 0,1 yg. ml""^ of mercury), but the 
s u s c e p t i b i l i t y to i n t e r f e r e n c e s and the tedious methods required to 
minimise such i n t e r f e r e n c e s may make them un s u i t a b l e f o r coal a n a l y s i s 
Volumetric procedures tend to lack s e n s i t i v i t y while methods based 
on c a t a l y s i s or ensyme i n h i b i t i o n by mercury ( I I ) ions are prone to 
i n t e r f e r e n c e s . Although a p p l i c a b l e to samples containing as l i t t l e 
as C . l ng.g ^ neutron a c t i v a t i o n a n a l y s i s i s not widely used. S p e c i -
a l i s e d equipment and instrumentation are required and considerable 
sample manipulation i s often necessary;. I l e v e r t h e l e s s , where the am-
ount of sample i s small neutron a c t i v a t i o n provides a s u i t a b l e means 
of non-destructive a n a l y s i s . The d i f f i c u l t y i n o b t a i n i n r s u i t a b l e 
a c t i v a t i o n sources and r a d i o - t r a c e r s l i m i t s the usefulness of r a d i o -
chemical methods. Such methods ar e , however, s e n s i t i v e and require 
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l e s s sajTiple m a n i p u l a t i o n and a c t i v a t i o n than n e u t r o n a c t i v a t i o n 
n^ethods. I n a d d i t i o n r a d i o i s o t o p e d i l u t i o n methods a r e r e a d i l y 
automated. Poor p r e c i s i o n and s e n s i t i v i t y may r e s u l t from the s e v -
ere m a t r i x e f f e c t s f r f ? c u e n t l y e n c o u n t e r e d i n X - r a y f l u o r e s c e n c e 
methods. C o r r e c t i o n s f o r t h e s e i n t e r f e r e n c e s may r e q u i r e i n v o l v e d 
c a l c u l a t i o n s , v / l i i l e methods f o r r e d u c i n g i n t e r f e r e n c e s by s e p a r -
a t i o n of the mercury from the m a t r i x may be t e d i o u s . E m i s s i o n s p e c -
t r o g r a p h i c methods e x h i b i t poor s e n s i t i v i t y and p r e c o n c e n t r a t i o n o f 
the mercury may be n e c e s s a r y , w h i l e d. c, a r c plasma methods s u f f e r 
from poor p r e c i s i o n , due to the i r r e p r o d u c i b l e way i n which the sam-
p l e e n t e r s the plasma and a l s o from m a t r i x i n t e r f e r e n c e e f f e c t s . Of 
the i n s t r u m e n t a l t e c h n i q u e s d i s c u s s e d n e u t r o n a c t i v a t i o n a n a l y s i s i s 
p r o v i n g the most p o p u l a r i n the a n a l y s i s of c o a l and r e l a t e d m a t e r i a l s 
The p o p u l a r i t y of atomic a b s o r p t i o n and a t o m i c f l u o r e s c e n c e s p e c t r o -
r . e t r i c .Tethcds f o r the d e t e r m i n a t i o n of low l e v e l s o f mercury i s 
w e l l r e f l e c t e d i n the number of r e p o r t s w h i c h have been p u b l i s h e d i n 
the l a s t 12-15 y e a r s . The r e v i e w a r t i c l e s by l i r e ( 7 5 ) , i n p a r t i c u l a r , 
and C h i l o v ( 7 4 ) , both g i v e f u l l e r a c c o u n t s of the d e t e r m i n a t i o n o f 
mercury by atomic a b s o r p t i o n and a t o m i c f l u o r e s c e n c e s p e c t r o m e t r y 
u s i n g both flame and f l a m e l e s s atom c e l l s . The n e x t s e c t i o n i s de-
v o t e d to a b r i e f e x a m i n a t i o n of the a n a l y t i c a l m e r i t s of t h e s e 
t e c h n i q u e s . 
2.2 DETS?J.-:r':ATION 0 ? ^T.RCU'^ USll-G ATC?-.!IC A230R?T10\l AND ATCr.:iC 
FIUGRESCE!iCE SPECTPONiET.^ . 
E l e m e n t a l mercury e x h i b i t s an a p p r e c i a b l e vapour p r e s s u r e a t 
TOO" t e m p e r a t u r e ; the vapour i s monatomic and i t i s t h e r e f o r e unnec-
e s s a r y to employ a flame o r f u r n a c e f o r a t o m i s a t i o n . I n 1939 
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V/oodson ( 7 6 ) d e t e r m i n e d mercury u s i n g a t o m i c a b s o r p t i o n s p e c t r o -
metry a f t e r c o l l e c t i n g the metal on a cadmium s u l p h i d e pad p r i o r to 
v o l a t i l i s a t i o n i n t o a s i l i c a a b s o r p t i o n c e l l . Atomic a b s o r p t i o n v;as 
measured a t the 253.7 nm r e s o n a n c e l i n e and m o l e c u l a r a b s o r p t i o n was 
compensated f o r u s i n g a continuum background s o u r c e . A landmark i n 
the development of c o l d vapour t e c h n i q u e s was the pape r by H a t c h and 
O t t ( 7 7 ) . w h i c h has formed the b a s i s f o r most subsequent work. I n 
t h i s method the s o l u t i o n o b t a i n e d by d i g e s t i o n o f r o c k s w i t h s u l p h u r i c 
a c i d v/as o x i d i s e d w i t h hydrogen p e r o x i d e and p o t a s s i u m permanganate. 
Treatment of t h i s s o l u t i o n w i t h a m i x t u r e of sodium c h l o r i d e and 
hydroxyammonium s u l p h a t e was f o l l o w e d by r e d u c t i o n v/ith t i n ( l l ) s u l -
p hate s o l u t i o n . A i r v/as bubbled through the s o l u t i o n and p a s s e d 
through a magnesium p e r c h l o r a t e d r i e r , t r a n s p o r t i n g the mercurv' i n t o 
the a b s o r p t i o n c e l l . Hence the term " c o l d vapour r e d u c t i o n / a e r a t i o n 
t e c h n i q u e " . 
I n f l a m e s , t y p i c a l d e t e c t i o n l i m i t s a r e 0.5^g.ml~"^ f o r at o m i c a b s o r -
p t i o n ( 7 8 ) and 0.1 ^g.ml""*" f o r at o m i c f l u o r e s c e n c e ( 7 9 ) . When c o l d 
vapour r e d u c t i o n / a e r a t i o n t e c h n i q u e s a r e used the r e p o r t e d d e t e c t i o n 
l i m i t s a r e much l o w e r , t y p i c a l l y 0.6 ng f o r at o m i c a b s o r p t i o n ( 8 0 ) 
u s i n g 5 ml samples and 0.02 ng f o r atomac f l u o r e s c e n c e ( o l ) u s i n g 
1 ml s a m p l e s . I n the f l a m e l e s s t e c h n i q u e t h e r e i s l e s s d i l u t i o n o f 
the mercury vapour i n the o p t i c a l p a t h a t any g i v e n moment and en-
hanced s e n s i t i v i t y r e s u l t s . 
Two methods a r e corrumonly u s e d to g e n e r a t e mercury vapour f o r s u b s e -
quent d e l i v e r y i n t o the o p t i c a l p a t h of an at o m i c s p e c t r o m e t e r . The 
f i r s t i n v o l v e s amalgamation o f the mercury e l e c t r o i y t i c a l l y onto 
copper v/ire ( 8 2 ) , or d i r e c t l v from s o l u t i o n onto s i l v e r s c r e e n s o r 
c o i l s (83i 3 4 ) , o r from the vapour onto g o l d wool (55) f o l l o w e d by 
d e s o r p t i o n o f the mercury vapour upon h e a t i n g . Such methods have the 
advantage o f i n t r o d u c i n g both a p r e c o n c e n t r a t i o n s t e p and a s e l e c t i v e 
s e p a r a t i o n s t e p , vvhereby p o t e n t i a l i n t e r f e r e n c e s may be r e j e c t e d , but 
they can be q u i t e complex. The second method, the c o l d vapour r e d u c -
t i o n / a e r a t i o n t e c h n i q u e i s g e n e r a l l y to be p r e f e r r e d due to i t s simp-
l i c i t y , c h e a p n e s s and r o b u s t n a t u r e . C o l d vapour a t o m i c a b s o r p t i o n 
methods, hov/ever, s u f f e r from s e v e r a l d i s a d v a n t a g e s v/hich may be 
overcome by u s i n g a t o m i c f l u o r e s c e n c e s p e c t r o m e t r y . V/ith c o l d vap-
our atomic a b s o r p t i o n s p e c t r o m e t r y , f o g g i n g of the c e l l w a l l s by 
m o i s t u r e n e c e s s i t a t e s d r y i n g the v a p ours p r i o r to t h e i r e n t r y to the 
atom c e l l , and the d e s i c c a n t can be both a s o u r c e of c o n t a m i n a t i o n o r 
mercury l o s s ( 8 6 ) ; when a windov/less c e l l i s used i n atomic f l u o r e s -
cence s p e c t r o m e t r y , s u c h problems a r e a v o i d e d . T.'olecular a b s o r p t i o n 
i n t e r f e r e s v/ith c o l d vapour a t o m i c a b s o r p t i o n spectrom.etry and bacl-:-
ground c o r r e c t i o n i s h i g h J y d e s i r a b l e ; i n a t o m i c f l u o r e s c e n c e s p e c -
t r o m e t r y m o l e c u l a r a b s o r p t i o n poses a s m a l l e r problem. Advantages 
o f improved s e n s i t i v i t y and g r e a t e r l i n e a r w orking range a r e a l s o 
a v a i l a b l e v/ith a tomic f l u o r e s c e n c e s p e c t r o m e t r y . 
The d e s i g n o f the atom c e l l i s of c r i t i c a l i m p o r t a n c e i f the f u l l 
a d v a n t a g e s of a t o m i c f l u o r e s c e n c e o v e r atomic a b s o r p t i o n s p e c t r o -
metry a r e to be a c h i e v e d . Thompson and R e y n o l d s (S7) r e c o g n i s e d 
t h i s when they used a c e l l v/ithout -.vindows, l a t e r m o d i f i e d by u s i n g 
a s i m p l e s h e a t h i n g u n i t c o n s t r u c t e d from a c e t y l r e s i n ( 3 1 ) . ? u l l 
d e t a i l s of the c o n s t r u c t i o n o f the s h e a t h , '.vhich '.vas d e s i g n e d to 
produce a l a - . i n a r s h i e l d of a r r o n around the atom c e l l were not 
driven, but an improvement i n the s i g n a l of a f a c t o r of tv;c, a t t r i -
buted to d e c r e a s e d quenching by e n t r a i n e d a i r , v/as r e p o r t e d . 
C a v a l l i ar.c Rossi (63) r e p o r t e d a " g a s - s h i e l d e d niercury vapour 
sp r a v e r " f o r a t o - i c fluorescer.ee s o e c t r o n e t r y . T h i s >vas .-a r u f a c t u r e d 
f r o r . perspex arc the c e n t r a l - e r c u r y vapour channel v/as p r o t e c t e d by 
a l a n i i n a r f l o w o f argon i s s u i n g frorr. a 1 mm annuius. An irr.prove-
ment i n the i n t e n s i t y o f the f l u o r e s c e n c e s i r n a l o f 2 S - f o l d v/as ob-
t a i n e d , but t h i s d e v i c e appears t o r e o u i r e c a r e f u l e n e i n e e r i n g . 
A l a r ^ e number o f previous, r e p o r t s have d e s c r i b e d r:anual i n j e c t i o n 
techinicues u s i n g d i s c r e t e saniples. Such methods are r e l a t i v e l y t i . - e 
consu-Tiing and a f u l l y - a u t c m a t e d system u s i n g the r e d u c t i o n / a e r a t i o n 
atomic a b s o r p t i o n , p r o c e d u r e has been d e s c r i b e d ( 2 6 ) . A l t h o u g h r e l a -
t i v e l y expensive and cor=plex t h i s r e p o r t i n d i c a t e d the f e a s i b i l i t y 
o f d e v e l o p i n g a c o n t i n u o u s f l o v / procedure. The advantages o f such 
a procedure rnay be sununarised as: steady s t a t e s i g n a l s are a c h i e v e d , 
l e a d i n g t o g r e a t e r convenience and improved accuracy; i n ^ ' e c t i o n and 
o t h e r d i s c r e t e v a r i a b l e s are e l i m i n a t e d , y i e l d i n g i - p r o v e d p r e c i s i o n ; 
the c o n t r o l over e x p e r i m e n t a l c o n d i t i o n s i s i n c r e a s e d ; the b a s e l i n e 
e s t a b l i s h e s the background l e v e l una.T.biguously and t h i s r e g a i n s ess-
e n t i a l l y c o n s t a n t . 
I n t h i s v/ork the use o f a sin-pie, improved argon-sheathed atom c e l l , 
used as the b a s i s o f the d e t e c t i o n system f o r the d e t e r . - i n a t i o n o f 
rr.ercur^;' by cold-vapour ato.Tiic f l u o r e s c e n c e spectroir.etry i s d e s c r i b e d . 
Both d i s c r e t e nianual i n j e c t i o n and c o n t i n u o u s f l o v / syste.-s v/ere used 
t o generate n-ercury vapour. The r e d u c t i o n c e l l was purged v ; i t h argon 
and the e v o l v e d .T.ercury vapours 7;ere swept t o the v/indov/less, argon-
sheathed atomic f l u o r e s c e n c e c e l l . 
The perfor.-^ance o f the o p t i . - i s e d system was e v a l u a t e d by d e t e r n - i n i n g 
the "lercury content o f a b a r l e y seed sajnple and -r.B.S. Orchard 
Leaves, SRiM 1571. 
2.3 5:C?EHI"ENTAL 
2.3.1 SCUIPMEuT 
!.!ercury vapours v;ere generated u s i n g b o t h d i s c r e t e i n j e c t i o n and 
conti n u o u s f l o w s y s t e n s . I n the for . - e r the r e d u c t i o n c e l l v/as a 
three-necked, pear-shaped f l a s k o f 25 ir.l c a p a c i t y and a s y r i n g e v/as 
used t o i n j e c t sample a l i q u o t s v i a a rubber septus i n t o t i n ( I I ) 
c h l o r i d e s o l u t i o n ( f i g . 1 ) . Continuous g e n e r a t i o n o f r.ercury vapour 
v/as achieved by u s i n g two smal l p e r i s t a l t i c purr.ps t o d e l i v e r t i n ( l l ) 
c h l o r i d e and sanple s o l u t i o n s s i m u l t a n e o u s l y t o the r e d u c t i o n c e l l . 
To accomodate t h i s arrangement a new r e d u c t i o n c e l l was designed and 
c o n s t r u c t e d v;hich i n c l u d e d a c o n s t a n t head drainage tube ( f i g . 2 ) . 
I n each case mercury was remioved by a s m a l l f l o w o f argon and swept 
t o the atom c e l l which v/as c o n s t r u c t e d as f o i l o v / s . A p p r o x i m a t e l y 
150 c a p i l l a r y tubes (60 mm l o n g , 0.7 m^m i . d . ) , o f the type commer-
c i a l l y a v a i l a b l e as m e l t i n g p o i n t t u b e s , v;ere glued around t he o u t -
s i d e o f a pyrex g l a s s tube (6 m^n i . d . ) . T h i s arrangement was secured 
i n s i d e a shortened I i i r s c h f i l t e r tube (22 mjn i . d . ) , u s i n g the s i d e arn 
as gas i n l e t ( f i g , 3) • The bottom o f the o u t e r tube v;as sea l e d v / i t h 
a rubber bung and the glassware p a i n t e d miatx b l a c k on the o u t s i d e . 
Mercury vapours e n t e r i n g the f l u o r e s c e n c e c e l l t h r o u g h the c e n t r a l 
channel were c o n s t r a i n e d i n the o p t i c a l path by a second fl o v / o f 
argon v/hich passed t h r o u g h the s u r r o u n d i n g c a p i l l a r y tubes t o p r o -
duce a l a m i n a r stream, o f argon around the c e n t r a l f l o w . ? l u o r e s c e n c e 
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v;as e x c i t e d and r-easured i n the volu .T i e 0-25 mm above the l a m i n a r 
f l o v / d e v i c e . 
The c e l l was .counted v e r t i c a l l y i n an a t o n i c a b s o r p t i o n s p e c t r o -
n-.eter i n p l a c e o f the b u r n e r / n e b u l i s e r assembly, and a t the f o c a l 
p o i n t o f the s p e c t r o m e t e r l e n s . The s p e c t r a l source, a mercury 
e l e c t r o d e l e s s d i s c h a r g e lamp, vjas p o s i t i o n e d so t h a t t h e volume inm 
e d i a t e l y above the c e l l was i r r a d i a t e d and f l u o r e s c e n c e r a d i a t i o n 
passed t h r o u g h the s p e c t r o m e t e r f o c u s s i n g l e n s t o the monochrom-
a t o r . The geometry o f t h i s arrangement i s shown i n f i g , 4. The 
d i s t a n c e s were: l i g h t source t o c e l l , 65 r^ -m; c e l l t o l e n s , 7S mn-; 
an angle o f 45° was subtended. The mercury lamp v/as a i r - c o o l e d by 
d i r e c t i n g the a i r stream from, the s p e c t r o m e t e r compressor down 
th r o u g h the top o f the microv/ave c a v i t y . - The spectrom.eter was oper-
a t e d i n t h e " e m i s s i o n " mode and f l u o r e s c e n c e was d e t e c t e d a t 253.7 
rjT: w i t h a s p e c t r a l bandpass o f 2.0 nm. U s i r ^ the manual i n j e c t i o n 
t echnique f l u o r e s c e n c e peal<3 v/ere o b t a i n e d on a s t r i p c h a r t r e c o r -
der and an i n t e g r a t o r p r o v i d e d peak area measurements. The steady 
s t a t e s i g n a l s o b t a i n e d w i t h t h e c o n t i n u o u s f l o v j system v.-ere sampled 
u s i n g the s p e c t r o m e t e r i n t e g r a t o r . I n s t r u m e n t a t i o n and o p e r a t i n g 
c o n d i t i o n s are g i v e n i n Table 1. 
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F i g . 1 Reduction v e s s e l f o r g e n e r a t i o n o f r:ercur;y vapour u s i n g 
-anual i n f e c t i o n t e c h r i i c u e 
a e r a t i o n 
A Reduction c e l l p l u s t i n ( I I ) c h l o r i d e s o l u t i o n 
3 Rubber septu.T: 
C C a p i l l a r y t u b i n g i n l e t f o r a e r a t i o n argon 
D P o l y p r o p y l e n e t u b i n g 
S '.!ercur^/ v a l o u r s t o atom c e l l 
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? i g . 2 Continuous f l o v / system f o r the g e n e r a t i o n o f .-ercury vapour 
A. P e r i s t a l t i c puinp, t i n ( I I ) c h l o r i d e s o l u t i o n , 2.5 ml.niin 
3. P e r i s t a l t i c pujnp, saniple/standard s o l u t i o n 7 m l . n i n 
C, R e d u c t i o n c e l l 
D, D r a i n , t o waste 
E, C a r r i e r gas i n l e t , 0,4 l . m i n " argon 
i/Iercury vapours t o atoT: c e l l 
-1 
"S^  7,T, 
38 
' i g . 3 Lamir.ar flo'.v d e v i c e 
^ 2-5cm ^ 
9-5cm 
I ! 
c a p i l l a r i e s 
shortened H i r s c h f i l t e r 
tube 
argon, 5.5 l.min' 
310 Cone 
Hg°/Ar a t 400 nil . n i i n ' 
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A B C 
D 
J 
Block Diagram o f I n s t m j m e n t a t i o n 
A L i n e a r a m p l i f i e r 
B P r e c i s i o n i n t e g r a t o r 
C Chart r e c o r d e r 
D Atomic s p e c t r o m e t e r 
E Laminar f l o v / d e v ice 
? S l e c t r o d e l e s s d i s c h a r g e lamp i n microv/ave c a v i t y 
G Microwave g e n e r a t o r 
H R e d u c t i o n c e l l 
I Gas pressure and f l o v ; c o n t r o l l e r 
J Argon supply 
a Argon f o r l a m i n a r f l o w 
b Argon f o r a e r a t i o n o f Kg t o atom c e l l 
9 An^le subtended by source, atom c e l l and s l i t , 45*^ 
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I L I S I 
E x c i t a t i o n source Mercury EDL 
Microwave c a v i t v 
Gas flow r a t e 
c o n t r o l l e r 
B roida h wave 
c a v i t y , 210 L 
powered by -a 
Microtron 200 
Mark I I I 
microwave 
ge n e r a t o r 
Pye 
Panchromatograra 
C h a r t r e c o r d e r E l e c k t r o n i c 19*i 
I n t e g r a t o r f e e d i n g 5530000 
l i n e a r a r a o l i f i e r 
G.C. I n t e g r a t o r 
S y r i n g e 
Reduction c e l l 
TP503 
1 mi d i s p o s a b l e 
s y r i n g e ( p l a s t i c ) 
P e r i s t a l t i c Pumos Mark I I I 
Mark IV 
S u p p l i e r 
I n s t r u m e n t a t i o n 
L a b o r a t o r i e s 




L t d . , London 
NWIO 
E l e c t r o m e d i c a l 









G i l l e t t e 
B r e n t f o r d , 
Middlesex. 
Laboratory 
c o n s t r u c t e d 
Schuco 
S c i e n t i f i c 
H a l l i w i c k 
Court P l a c e 
Woodhouse Road, 
London 
Operating C o n d i t i o n s 
Flame E m i s s i o n 
damping f a c t o r I s ; 
s c a l e expansion X5; 
PMT v o l t a g e 700; 
wavelength 253.7 nm; 
s p e c t r a l band pass 
2.0 nm. 
36W i n c i d e n t power 
cooled by a flow of 
^ 3Z min"^ a i r . 
Using r e f e r e n c e 
o u t l e t f o r a e r a t i o n 
flow and column 1 
o u t l e t f o r laminar 
flow. Column 2 
o u t l e t c l o s e d . 
T y p i c a l l y 5 min 
i n c h " - and 10 mV 
f u l l - s c a l e d e f l e c -
t i o n . 
10 m.V span. 
T y p i c a l l y 1% 
t h r e s h o l d l e v e l , I s 
resoonse time. 
10 rpm d e l i v e r i n g 
2.5 m^,.min"^. 
60 rpm d e l i v e r i n g 
7 m i . n i i n - l . 
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2.3.2 ?J:AGS:??5 
Unless o t h e r w i s e s t a t e d the reagents used v;ere o f a n a l y t i c a l 
grade. 
T i n ( I I ) c h l o r i d e s o l u t i o n s . 
Prepared by d i s s o l v i n g 400 g and 100 g o f t i n . ( I I ) c h l o r i d e 
d i h y d r a t e i n h y d r o c h l o r i c a c i d (1 l i t r e , 1 l\) f o r the manual i n j e c -
t i o n and con t i n u o u s flov.' systems r e s p e c t i v e l y . I n p r a c t i c e suspen-
s i o n s v/ere formed but sha:-:ing b e f o r e use y i e l d e d s u i t a b l y homogen-
eous m i x t u r e s . A few g r a n u l e s ex" t i n were added t o prevent a e r i a l 
o x i d a t i o n and the s o l u t i o n s v/ere purged w i t h argon f o r about 5 min-
u t e s each day b e f o r e use t o expel any absorbed ":ercur;.'". 
Potassium dichjrom.ate s o l u t i o n . 
Prepared by d i s s o l v i n g potassium dichromate (0.3 g) i n d i l u t e 
n i t r i c a c i d ( l l i t r e , 1.6 :.:) . 
Uercury ( I I ) n i t r a t e s o l u t i o n . 
Prepared by d i s s o l v i n g mercury ( I I ) n i t r a t e hem.ihydrate 
(1.6630 g) i n potassium cichromiate s o l u t i o n (1 l i t r e ) . C a l i b r a t i o n 
standards v;ere prepared by a p p r o p r i a t e d i l u t i o n s . 
Phenylmercury ( I I ) a c e t a t e s o l u t i o n . 
Phenylm;ercury ( I I ) a c e t a t e was prepared as d e s c r i b e d by Makarova 
and Nesmeyanov (89) and twice r e c r y s t a l l i s e d from e t h a n o l . A stock 




2.2.3.1 ?P3SSRVATI0i-I 0? ST.^ J^ DARDS A-ID DIGESTS. 
These were s t a b i l i s e d by d i l u t i o n v ; i t h the s o l u t i o n o f p o t a s -
s i u - i d i c r i r o r i a t e i n d i l u t e n i t r i c a c i d as recoirjnended by Peldnan ( 9 0 ) . 
V/hen the s o l u t i o n s v;ere s t o r e d i n b o r o s i l i c a t e glassv/are t h i s d i l u e n t 
prevented l o s s e s o f r:ercury f o r s e v e r a l days a t l e v e l s o f 1 n g . " l ~ ^ 
and l o w e r , and f o r s e v e r a l weeks a t c o n c e n t r a t i o n s o f 20 ng.ml " and 
h i g h e r . Sa^-Tipie d i g e s t s r e g a i n e d s t a b l e f o r a t l e a s t 1 work i n g day. 
2.3.3.2 DIG3STI0r; OP SEEDS A]<D ORCHA.RD LEA-/ES 
B a r l e y seeds (0.5 g ) v/ere shaken v / i t h c o n c e n t r a t e d n i t r i c a c i d 
(10 ~1) and r e f l u x e d on a water b a t h a t 80*^0 f o r 30 minutes. Orch-
ard leaves (2.0 g ) were shaken w i t h c o n c e n t r a t e d n i t r i c a c i d (20 ml) 
and a l l o w e d t o stand o v e r n i g h t b e f o r e r e f l u x i n g . The r e s u l t i n g s o l u -
t i o n s v;ere t r a n s f e r r e d t o v o l u m e t r i c f l a s k s and made up t o volume • 
(100 m l f o r the seeds, 50 ml f o r the lea v e s ) w i t h the potassium 
dichromate d i l u e n t . 
2.3.3.3 DSTERI.IINATION 0? r-IHlHCUHY 
( i ) Manual i n . ^ a c t i o n techini.iue 
A f t e r s w i t c h i n g on both argcn f l o w s , a l i q u o t s (0.5 ml ) o f the 
standard and sample s o l u t i o n s v/ere i n j e c t e d I n t o the t i n ( I I ) c h l o -
r i d e s o l u t i o n (3 ml ) co n t a i n e d i n the r e d u c t i o n c e l l . The evolved 
m.ercury v/as swept i n t o the atom c e l l and the peak area o f the f l u o r -
escence s i g n a l r e c o r d e d . Bach s o l u t i o n was i n j e c t e d a t l e a s t 5 times 
and the mean peak area c a l c u l a t e d . E l u t i o n time v a r i e d as a f u n c t i o n 
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o f the mass o f m.ercury i n j e c t e d , but was t y p i c a l l y comiplete i n 
30-1005. 
( i i ) Continuous f l o w system 
A f t e r s w i t c h i n g on bot h argon flov.-s t i n ( I I ) c h l o r i d e and sam--
p l e s o l u t i o n s (2.C rrJ. and 7.5 mJ r e s p e c t i v e l y ) v/ere p'xmped s i m u l -
t a n e o u s l y t o the r e d u c t i o n c e l l . A f t e r e q u i l i b r a t i o n the steady 
s t a t e s i g n a l v.*as sam.pled u s i n g t h e sp e c t r o m e t e r i n t e g r a t o r (4 x 4s) . 
2.4 RESULTS AI^ D DISCUSSION 
2.4.1 OPTIMISATION 0? THE VANU/^ X II-TJECTIOi-r TECHirECUIi: 
2.4.1.1 i : : sTRir ,^E?:TAL ?ARA^:ETERS 
At the begir-ning o f the v/or-c the o p e r a t i n g c o n d i t i o n s used -were 
somewhat a r b i t r a r y / . These c o n d i t i o n s were: 
i n c i d e n t mdcrov/ave power 
lamiinar f l o v / r a t e 
c a r r i e r f l o w r a t e 
i n j e c t i o n volume 
t i n ( I I ) c h l o r i d e s o l u t i o n 
jiO .1 
3 l.mj-n'' argon 
3 l.m:in " argon 
1.0 ml I O C n g . m l m e r c u r y -
s o l u t i o n 
3 ml o f 170 g . l - Sn^"" 
?luorescence was mieasured at 90*^ but a d i s p r o p o r t i o n a t e l y h i g h 
l e v e l o f background and s c a t t e r was observed. T h i s was reduced, how-
ever, a f t e r a sim.ple cardboard l i g h t t r a p was l o c a t e d around t he 3DL 
ou t p u t a p e r t u r e . A v a r i e t y o f parameters i n c l u d i n g s l i t w i d t h , 
p h o t o m ; U l t i p l i e r v o l t a g e and scale expansion were examined u n t i l the 
best s i g n a l t o n o i s e r a t i o v;as o b t a i n e d . I n a number o f s a t i s f a c t -
or y c ombinations o f these parameters a rough l i m i t o f d e t e c t i o n was 
found t o be the same, a p p r o x i m a t e l y 12 r.g.ml"*^. I t v/as f e l t t h a t a 
b e t t e r d e t e c t i o n l i m i t would be r e a l i s e d i f the l e v e l o f baci-cground 
c o u l d be s u b s t a n t i a l l y reduced, p e r m i t t i n g the use o f h i g h e r ?:.'.T 
v o l t a g e s . Consequently " f r o n t - f a c e i l l u m i n a t i o n " was exa-mined. An 
immediate improvement i n the c h a r a c t e r i s t i c s o f the b a s e l i n e n o i s e 
l e v e l v/as observed and background was v i r t u a l l y e l i m i n a t e d . T h i s 
a l l o w e d m.uch g r e a t e r freedom i n the choice o f o p e r a t i n g c o n d i t i o n s . 
Again v a r i o u s combinations o f these c o n d i t i o n s v/ere examined and the 
best c o m b i n a t i o n (700 v; scale expansion x5; 2,0 nm s l i t w i d t h ) gave 
a d e t e c t i o n l i m i t o f 2 ng.mj " a.nd 5 ng.rd ^ c c u l d r o u t i n e l y be 
determined. 
The new geometry used t o accomodate the f r o n t face i l l u m i n a t i o n 
m.eant t h a t t he l a m i n a r f l o v / d e v i c e h^d t o be moved from i t s p o s i t i o n 
a d j a c e n t t o , but Just below the s p e c t r o m e t e r lens' to a p o s i t i o n some 
£0 m.m from the l e n s . Som.e d e g r a d a t i o n o f performance had been a n t i -
c i p a t e d s i n c e f l u o r e s c e n c e i n t e n s i t y i s i n v e r s e l y p r o p o r t i o n a l t o 
the square o f the atom c e l l / s l i t d i s t a n c e and a l s o the s o l i d ar.rle 
o f f l u o r e s c e n c e . I n the new p o s i t i o n the atom, c e l l vvas l o c a t e d a t 
approicimately the f o c a l l e n g t h o f the l e n s v/hich m:ay have c o n t r i -
buted t o the o v e r a l l observed i n c r e a s e i n i n t e n s i t y . I n o r d e r t o 
determine v/hether t h i s i n c r e a s e v/as due t o the use o f 45^ i l l u r i i n -
a t i o n o r thorough more e f f i c i e n t c o l l e c t i o n o f the atomic f l u o r e s -
cence, the atom, c e l l v/as r e t a i n e d som.e SO mm; from; the l e n s and 
i l l u m i n a t i o n used. The approximate d e t e c t i o n l i m : i t v/as ^ n.^.m-l ~. 
Thus the o f o l d improvement i n d e t e c t i o n l i m i ^ : (12-^2 ng.m.l"') v/as 
due t o b o t h e f f e c t s , a 2 f o l d i n c r e a s e (12->6 ng .ma"") r e s u l t i n g 
f r o r i the p o s i t i o n i r t g o f the atom c e l l a t the f o c a l l e n g t h o f the 
entrance s l i t l e n s , and a 3 f o l d i n c r e a s e (6-^2 ng.ml"") from the 
use o f 4 5*^  i l l u m i n a t i o n . 
At t h i s stags r e l a t i v e l y poor p r e c i s i o n v/as o b t a i n e d and t r i i s was 
thought t o be due t o f l u c t u a t i o n s i n the SDL o u t p u t i n t e n s i t y . Since 
t h e EDL was not v/holly c o n t a i n e d i n the c a v i t y a temperature g r a d -
i e n t v/as d e v e l o p i n g alorig t he l e n g t h o f the EDL. T h i s caused a 
c y c l i n g o f the mercury vapour i n the tube and r e s u l t e d i n extreme 
v a r i a t i o n s i n o u t p u t i n t e n s i t y . Consequently, the a i r l i n e f r o m t h e 
XL 151 compressor v/as d i r e c t e d dov;n the c e n t r a l h o l l o w o f the mdcro-
wave c a v i t y . The f l o v / r a t e used was 3 l . m i n and t h i s produced a 
steady b a s e l i n e w i t h o u t markedly a f f e c t i n g o v e r a l l o u t p u t i n t e n s i t y . 
The optim.ujn forv/ard m.icrov/ave pov/er v/as then determined by -:easuring 
the f l u o r e s c e n c e s i g n a l a t d i f f e r e n t pov/ers u s i n g 1 ml i n j e c t i o n s o f 
IOC ngml"^of mercury. The r e s u l t s are g i v e n i n Table 2. 
The value chosen f o r subsequent v/ork v/as 33 V/ v/hich gave the best 
compromise between r e p r o d u c i b i l i t y and s i g n a l t o noise r a t i o . 
2.4.1.2 GAS ?LOV/ RATES 
Argon v/as chosen as the c a r r i e r gas and l a m i n a r f l o w gas 
because o f i t s low cross s e c t i o n o f quenching of f l u o r e s c e n c e r e l a -
t i v e t o a i r and n i t r o g e n . The two f l o v ; r a t e s v/ere o p t i m i s e d by a 
sim.ple f a c t o r i a l process i n which s i g n a l s i z e v/as rieasured a t f o u r 
d i f f e r e n t a.eration f l o v / r a t e s , each one v / i t h s i x d i f f e r e n t lam;inar 
fl o v / r a t e s . The r e s u l t s are shov.'n i n P i g . 5, from, which the 
46 
Table 2. O p t i m i s a t i o n of the forward microwave newer 
I n c i d e n t microwave pov/er/W Peak a r e a Peak h e i g h t 
( a r b i t r a r y u n i t s ) 
18 130 0.16 
25 283 0.21 
32 .504 0.26 
40 756 0.27 
48 - r e s u l t s too 'noisy' to be meaningful 
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^ i g - 3 E f f e c t o f argon f l o w r a t e s on mercurv- atomic f l u o r e s c e ; 
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f o l l o w i n g g e n e r a l comm.ents m:ay be made. The h i g h e r the l a m i n a r f l o v / 
r a t e , the g r e a t e r was the confinement o f the mercury,' i n the area i n 
f r o n t o f the EDL and s l i t . At c e r t a i n f l o w r a t e s " p i n c h i n g " occur-
red some d i s t a n c e above the f l u o r e s c e n c e zona and v e r t i c a l e x p u l s i o n 
o f the ^ :ercur^* was r e t a r d e d . T h i s e f f e c t f u r t h e r i n c r e a s e d the 
res i d e n c e timie o f the m e r c u i ^ i n the l i g h t p a t h and enhanced s i g n a l s 
r e s u l t e d . 
For a g i v e n lamiinar f l o v / r a t e , the h i g h e r the c a r r i e r gas f l o v / r a t e 
the s m a l l e r the s i g n a l , s i n ce the re s i d e n c e time o f the mercury i n 
the l i g h t p a t h v/as reduced by the i n c r e a s e d d r i v i n g f o r c e o f the 
c a r r i e r stream. 
At v e r y low c a r r i e r f l o v / r a t e s (0.3 l.min""^ o r l e s s ) , i n s u f f i c i e n t l y 
v i g o r o u s a g i t a t i o n caused the m:ercur;/ t o reach the f l u o r e s c e n c e 
zone as a s e r i e s o f " p l u g s " , r e s u l t i n g i n deform.ed peaks and poor 
p r e c i s i o n . T h i s e f f e c t became more pronounced as the volum:e o f s o l u -
t i o n i n the r e d u c t i o n c e l l i n c r e a s e d a f t e r each subsequent i n j e c t i o n . 
A l t h o u g h peal-: area was o n l y s l i g h t l y a f f e c t e d peak h e i g h t and shape 
v/ere markedly a l t e r e d , the peak v/idth a t h a l f - h e i g h t i n c r e a s i n g v / i t h 
t h e volume o f s o l u t i o n i n the r e d u c t i o n c e l l . 
The l a m i n a r i t y o f the two gas f l o w s was observed v i s u a l l y by p l a c i n g 
tv/o Dreschel b o t t l e s , one c o n t a i n i n g d i l u t e amjnonia s o l u t i o n , the 
o t h e r d i l u t e h y d r o c h l o r i c a c i d , i n s e r i e s i n each o f the gas streams 
a l t e r n a t e l y . -V/hen the evolved ammonium c h l o r i d e v/as passed t h r o u g h 
the c a p i l l a r y tubes o n l y , a t the optimum x-low r a t e f o r maxim-um s i g n a l 
s i s e , the " p i n c h i n g " e f f e c t was c l e a r l y v i s i b l e some 3-4 cm above 
the top o f the lamiinar f l o v / d e v i c e . V/hen the am.monium c h l o r i d e v/as 
- do _ 
p a s s e d t h r o u g h the r e d u c t i o n c e l l orJ.y, a r e g u l a r , v e r t i c a l f l o w 
o f gas p a s t the EDL and s l i t v/as o b s e r v e d up to 3 cm above the lam-
i n a r f l o w d e v i c e . The " p i n c h i n g " e f f e c t o f the l a m i n a r f l o w t h e n 
c a u s e d t h e animoniucn c h l o r i d e t o eddy s l i g h t l y i n the sp a c e between 
the EDL and the s l i t b e f o r e s l o w l y d i f f u s i n g av/ay v e r t i c a l l y . Some 
e x p e r i m e n t s were performed u s i n g 3 nni i n t e r n a l d i a m e t e r t u b i n g to 
i n t r o d u c e t h e c a r r i e r g a s i n t o the r e d u c t i o n c e l l . B e t t e r r e s u l t s 
were, however, o b t a i n e d u s i n g c a p i l l a r y t u b i n g , s i n c e more v i g o r o u s 
a g i t a t i o n o c c u r r e d and s h a r p e r , more r e p r o d u c i b l e peaks were o b s e r v e d 
The optimum f l o w r a t e s were fo\ind t o be 0.4 and 5.5 l . m i n " ^ f o r c a r -
r i e r and l a m i n a r f l o w s r e s p e c t i v e l y . Under t h e s e c o n d i t i o n s the 
l a m i n a r s t r e a m e l i m i n a t e d the e f f e c t s o f d r a u g h t s and p r e v e n t e d l a t -
e r a l d i f f u s i o n o f mercury vapour. E n t r a i n m e n t o f a t m o s p h e r i c s p e c i e s 
w h i c h e f f e c t i v e l y quench mercury f l u o r e s c e n c e was markedly r e d u c e d . 
T h i s r e s u l t e d i n a h u n d r e d f o l d improvement i n the l i m i t o f d e t e c t i o n 
o v e r t h a t o b t a i n e d p r e v i o u s l y when f l o w r a t e s o f 3 1-min"^ f o r both 
l a m i n a r and a e r a t i o n f l o w s were u s e d , F u r t h e r , s i g n a l s i z e was appro-
x i m a t e l y 12 t i m e s g r e a t e r than t h a t o b t a i n e d w i t h no l a m i n a r g a s f l o w . 
P r e c i s i o n g e n e r a l l y appeared s l i g h t l y improved a t h i g h e r l a m i n a r f l o w 
r a t e s , t y p i c a l l y 1-5% r e l a t i v e s t a n d a r d d e v i a t i o n (RSD) i n t h e range 
3-11 l . m i n , compared w i t 
l a m i n a r gas f l o w ( T a b l e 3) 
min""*", w h 6-26% RSD when o p e r a t i n g w i t h o u t the 
2.4.1.3 REDUCTION CELL VOLUIffl 
I n the a p p a r a t u s d e s c r i b e d p r e v i o u s l y a 25 ml f l a s k was con-
n e c t e d d i r e c t l y to the bottom of the l a m i n a r f l o w d e v i c e , but the 
- 50 -
T a b l e 3. E f f e c t o f s h i e l d i : ^ g gas 
No s h i e l d i n g 
C a r r i e r gas, Z.min ^ 0.4 0.9 
R e l a t i v e peak a r e a 1 T_^7 
R-S.D. 18% 7% 
With, s h i e l d i n g , a t 
optimum flow of 5.5 Jl.min""^ 
C a r r i e r gas, Jt.rain 0.4 0.9 
R e l a t i v e peak a r e a * 11.5 3.5 
R.S.D. 1% 5% 
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need f r e ' j u e n t l y to err:pty the c e l l l e d to d i f f i c u l t y i n r e a l i g n i n g the 
o p t i c s o f the syste™. I n o r d e r to be a b l e to renove the f l a s k -.vith-
c u t d i s t u r b i n g the l a m i n a r flov/ d e v i c e , the tv;o v/ere connected v i a 
a 45c rrjn l e n g t h o f p o l y p r o p y l e n e tubir-i; (10 r;ni i . d . ) . S i n c e t h i s i n c 
r e a s e i n dead v o l u - e d i d not r e s u l t i n any peak b r c a d e n i n g a 100 r . i 
f l a s k v;as u s e d i n s t e a d o f the 25 "1 f l a s k , Much b r o a d e r peaks v/ere 
o b s e r v e d and peak a r e a d e c r e a s e d by a p p r o x i m a t e l y 20^. I t v/as con-
c l u d e d t h a t i n the c a s e of the 25 ml f l a s k l e s s d i f f u s i o n o f mercur:/ 
vapour v;as o c c u r r i n g i n s i d e the f l a s k and t h a t the r i e r c u r y vapour v/as 
t r a v e l l i n g a l o n g the tube as a d i s c r e t e p l u g . C o n s e q u e n t l y , the 25 
-.1 f l a s k c o nnected to the l a - n i n a r flov/ d e v i c e v i a the p o l y p r o p y l e n e 
t u b i n g v;as u s e d f o r a l l subsequent work. 
2,4.1.4 SA?.-PLE S I Z E 
The need f o r a s.Tall r e d u c t i o n c e l l p l a c e d c o n s t r a i n t s on the 
s i z e o f the 3ar:ple u s e d . U s i n g 0.4 1.."in ^ of argon a s c a r r i e r , 
e x c e s s i v e f r o t h i n g o c c u r r e d ( c a u s i n g l a r g e a:r.ounts o f v;ater vapour to 
e n t e r the f l u o r e s c e n c e zone) v;hen the t o t a l v o l u - e o f s o l u t i o n i n the 
c e l l exceeded a p p r o x i m a t e l y 14 ml. Moreover, i t beca-e d i f f i c u l t f o r 
the argon t o purge t h e niercury r a p i d l y fro ~ i the l a r g e volume o f s o l u -
t i o n and peak broadenirig o c c u r r e d . The c o n c e n t r a t i o n and volurie o f 
t i n ( I I ) c h l o r i d e used v/ere chosen i n o r d e r to p r o v i d e a l a r g e e x c e s s 
of Sn" o v e r Hg ^ and s u f f i c i e n t volu.-ne to e n s u r e r a p i d , e f f i c i e n t 
m i x i n g . I t was d e c i d e d to use 3 ml o f t i n ( I I ) c h l o r i d e s o l u t i o n 
'.vith an i n j e c t i o n volume of 0.5 ml. T h i s p e r m i t t e d up to 20 i n j e c t -
t i o n s to be made b e f o r e i t became necessary to empty the c e l l . I n 
p r a c t i c e the t i n ( I I ) c h l o r i d e was r e p l a c e d a f t e r 1 5 - l S i n j e c t i o n s . 
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I n j e c t i o n volu.-e p r e c i s i o n v.as checked by i n j e c t i n g 11 a l i q u o t s o f 
C.5 " i l i n t o the c e l l on a p r e c i s i o n b a l a n c e and v / e i r h i n g e a c h i n j e c -
t i o n . TVjree d i f f e r e n t s y r i n g e s v;ere u s e d and a -ean r e l a t i v e s t a n -
d a rd of 0.6f^ o b t a i n e d . 
2.4.2 0 ? T i : , : I S A T I O N 0 ? T H ^ C0::T I I : U Q U S ? L0V . ' S Y S T E I I 
The experiment t o d e t e r n i i n e the optimuni gas f l o w r a t e s was 
r e p e a t e d u s i n g the c o n t i n u o u s flov/ systerr., and s i . T . i i a r r e s u l t s v;ere 
o b t a i n e d . At c a r r i e r f l o w r a t e s l e s s t h a n 0.3 l . r a n " " the n e r c u r y 
v/as purged sorr.ev/hat i r r e g u l a r l y f r o n s o l u t i o n p r o d u c i n g e r r a t i c 
s i g n a l s . Having adopted 0.4 l.niin"'^ a s the p r e f e r r e d c a r r i e r f l o w 
r a t e the o p t i m a l l a m i n a r flov/ r a t e v/as a g a i n 5.5 l . m i n " * . 
The s i g n a l a g a i n s t ti.Tie p l o t o b t a i n e d f r o ^ i t h e c o n t i n u o u s flov/ s y s t e n 
v;as t y p i c a l o f an auto.-ated flov/ s y s t e - ; a s shov/n i n f i g . 6. S i g n a l 
stze v/as independent o f both the f l o v / - r a t e and c o n c e n t r a t i o n o f the 
t i n ( I I ) c h J l o r i d e s o l u t i o n i n the r a n g e s 2.5 to 25 frJ-.min ~ and 5 to 
40:; -/v r e s p e c t i v e l y . The s i g n a l i n c r e a s e d l i n e a r l y v/ith t h e flow-
rate of sample ( o r s t a n d a r d ) up t o a maxirp.um o f 30 nl.rr.in ^, above 
-«Yhich i t becaT^e d i f f i c u l t to d r a i n the c e l l s u f f i c i e n t l y r a p i d l y . 
? l o v / - r a t e s of 2,5 i r J . j n i n " " o f t i n ( I I ) c h l o r i d e s o l u t i o n (lOf:* m/v 
as the d i h y d r a t e ) and 7.0 r:l..-nin~* o f sa.-nple/standard were chosen to 
- i n i r . i s e the volume of r e a g e n t and sample r e q u i r e d , c o n s i s t e n t v.-i-th 
a c c e p t a b l e s i g n a l s i z e . U s i n g t h e s e f l c v z - r a t e s t h e r i s e t i m e , a s 
sho'.vn i n f i g . 6, v/as about 6G E and the sample d e l i v e r y tube con-
t a i n e d s u f f i c i e n t r e s i d u a l s o l u t i o n to a l l o w a 15s i n t e g r a t i o n tinie 
on the s p e c t r o m e t e r to be used v;ith removal of the tube from t he 
sample s o l u t i o n upon com:mencen".ent of the i n t e g r a t i o n . Conseouentl'-
•p. 
^''^fA' T y p i c a l s i c n a l v e r s u s time p l o t f o r the c o n t i n u o u s f l o w system 












t = GOs s t e a d y s t a t e s i g n a l i s o b t a i n e d and 
d e l i v e r y tube i s removed from s o l u t i o n 
1 5 s i n t e g r a t i o n p e r i o d 
t = 75s s o l u t i o n c e a s e s to e n t e r c e l l 




the a-TiOunt o f sajnple consumed v/as about 7 ml. R e s i d u a l r i e r c u r y '<-vas 
purged from the c e l l and the b a s e - l i n e r e - e s t a b l i s h e d about 2 m i n u t e s 
a f t e r s o l u t i o n c e a s e d to e n t e r the c e l l . T o t a l a r i a l y s i s t i r : e was 2 
to 3 r . i n u t e s per s o l u t i o n . 
2.4.3 D3?3C?I0i? LIMITS ;iID LI^rSAR C;X-i3RATI0N RAUC-F.S 
2.4.3.1 :.:A?ruAL r ^ j E C T i o i i T3CH?:IQUS 
The d e t e c t i o n i i n i i t ( t h a t c o n c e n t r a t i o n of -.ercury p r o d u c i n g a 
s i g n a l e q u a l to the mean of the b l ank p l u s tv/ice the s t a n d a r d d e v i -
a t i o n of the b l a n k mean) was 0.02 ng. ml"", i . e . f o r 0.5 rnl i n j e c -
t i o n s , 0.01 ng. 
At h i g h c o n c e n t r a t i o n s of mercur;/ l i t t l e s c a l e e x p a n s i o n v;as r e c u i r e d 
and the e f f e c t s of b a s e l i n e d r i f t were m i n i m a l . P r e c i s i o n was rood, 
t y p i c a l l y 1-3/^  r e l a t i v e s t a n d a r d d e v i a t i o n (RSD) dov.71 to c c n c e n t -
r a t i o n s a.s lov; as 3 ng.ml . At v e r y lov; c o n c e n t r a t i o n s of .Tiercury, 
however, s h o r t - t e r m f l u c t u a t i o n s i n the b a s e - l i n e c o u p l e d w i t h h i g h 
s c a i e - e r c p a n s i o n r e s u l t e d i n e i t h e r premature or r e t a r d e d t r i p p i n g o f 
the i n t e g r a t o r and p r e c i s i o n -.vas degraded a c c o r d i n g l y . I f lOf-: i s 
t a k e n a s the m.axim:u:.i t o l e r a b l e RSD, the lov;er end o f the u s e f u l v/ork-
i n g range o f the method v/as 0.4 ng.ml ~ i . e . 0.2 ng f o r 0.5 ml 
i n j e c t i o n s . 
2.4.3.2 coi:Ti:ajous ?LO-V SYST?::.-
The d e t e c t i o n l i m i t f o r the c o n t i n u o u s f l o w system ( a g a i n 2&) 
v/as 0 , 0 4 j ng.ml P r e c i s i o n , however, was g e n e r a l l y im:proved, t y p -
i c a l l y 2^. T?3D at 0.5 ng.ml"" com.pared w i t h 7>-- ?.SD a t C.5 r.g.ml"" f o r 
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the manual i n f e c t i o n t e c h n i q u e . T a k i n g ICf!- RSD as the maximum t o l e r ^ 
a b l e , the l o w e r end of the u s e f u l working r a r ^ e of the method was 
0.2 ng.ml"*. 
A n a l y t i c a l working c u r v e s v;ere c o n s t r u c t e c f o r both methods u s i n g 
s t a n d a r d s o l u t i o n s of mercury p r e p a r e d from a s t o c k s o l u t i o n o f 
1000 j i g . m l ' * o f mercury. I n e a c h c a s e the c a l i b r a t i o n p l o t was 
l i n e a r o v e r a p p r o x i m a t e l y f o u r o r d e r s of m a r n i t u d e , from 0.4 ng.ml 
(lOr:. RSD) to 2000 ng.ml'- {3^- RSD). The c a l i b r a t i o n p l o t i s shown 
i n f i g . 7 and the v a l u e s i n p a r e n t h e s e s i n d i c a t e the RSD a t t h a t 
c o n c e n t r a t i o n . 
-1 
2.4.4. SV.^XUATION 0 ? THE 0?TI?.:ISED S Y S T E I ; ; 
2.4.4.1 DSTSRMITiATIOi: 0 ? MERCUH:,^ I K BARLEY SEEDS 
The b a r l e y s e e d s had been c o a t e d w i t h a s e e d d r e s s i n g c o n t a i n i n g 
phenylmercury ( I I ) a c e t a t e . The s a m p l e s were d i g e s t e d u s i n g concen-
t r a t e d n i t r i c a c i d ( s e c t i o n 2.3.3-2, page 43) and the ' r e s u l t s f o r 
seven r e p l i c a t e d e t e r m i n a t i o n s a r e shov/n i n T a b l e 4a. I n t h i s c a s e 
an independent mercury c o n t e n t f i g u r e was not a v a i l a b l e and the a c c -
u r a c y of the method was checked u s i n g r e c o v e r y t e s t s . Knov/n am.ounts 
of phenylmercur:/ ( I I ) a c e t a t e was added to s i x r e p l i c a t e samples of 
s e e d s and the mercury c o n t e n t d e t e r m i n e d a s b e f o r e ( T a b l e t^b) . A 
r e a g e n t blank was a l s o d e t e r m i n e c and the n e c e s s a r y c o r r e c t i o n made. 
The r e s u l t s demonstrate t h a t no mercury was l o s t d u r i n g d i g e s t i o n o r 
trc:nsport to the atom c e l l . 
" a t r l x e f f e c t s were i n v e s t i g a t e d by d e t e r " i n i n = the mercury c o n t e n t 
yo -
7 C a l i b r a t i o n p l o t f o r mercury a t 253.7 nn 
1 0 -
l o g ?LU0H2SCENCE 
PEAK AH3A 
10 




10 - 5 10"^ 10 






xe r c u r v coace.-^.c of b a r l e v seeds 
R e p l i c a t e Nunber I 1 1 2 r 3 5 6 7 
- 1 a 
Mercury Found (pc.g ) 10.o2 10. 55 10.60 10.93 ID.34 10.80 
• I 
10.78 
Mean = lO. 7*; p g ,g~^ 
- 1 
SscLrnated s c a n d a r c d e v i a t i o n of che mean = 0.07 ug.9 
R e l a t i v e standard d e v i a t i o n = 0.6'-
Each reported f i g u r e i s the mean of 5 measurements of the sajne d i g e s t 
'able 4b 
.=:ecoveries of phenyl - e r c u r i c a c e t a t e (2.50 yg.g ' as r:ercury) 
added to b a r l e y seeds ( c o n t a i n i n g 10.74 Ug.g ~ mercury). 
• R e p l i c a t e nUiTj^er • 1 j 2 3 4 5 6 
- 1 a 
iXercury found (ug .g ) 13 .22 13 .31 13.23 13.24 13.13 
13.23 % recovery 99.2 102 .3 1 99.6 1iOO.O 97.5 9 9 . 0 
Mean recovery =99.31 
Each reported f i g u r e i s the .r.ean of 5 measure.ments of the. sa.7ie 
d i g e s t . 
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o f a s e r i e s o f s o l u t i o n s each c o n t a i n i n g a f i x e d volum.e of the same 
s t a n d a r d s o l u t i o n and v a r i o u s known volumes o f a s e e d s o l u t i o n of 
knov.'n mercury c o n t e n t . A p l o t of i n t e g r a t e d s i g n a l a r e a a g a i n s t 
c o n c e n t r a t i o n o f miercury v.as l i n e a r , i n d i c a t i n g the absence o f m:at-
r i x enhancement o r s u p p r e s s i o n e f f e c t s . 
2.4.4.2 DET3P:.;iTrATl0N 0 ? liERCUHy i : : ORCHAPJ) LEA\^3 
The a c c u r a c y of the method v/as t h e n checked by a n a l y s i n g r e p l i -
c a t e samples o f a s t a n d a r d r e f e r e n c e m . a t e r i a l , S.R.I.'. 1571 O r c h a r d 
l e a v e s ( n a t i o n a l Bureau o f S t a n d a r d s , V/ashington D. C., U. S. A . ) , 
The samiples v;ere d i g e s t e d o v e r n i g h t i n c o n c e n t r a t e d n i t r i c a c i d 
( s e c t i o n 2.3.3.2 page ^3) . 
The r e s u l t s a r e g i v e n i n T a b l e 5 and shov; e x c e l l e n t agreement v/ith 
t h e c e r t i f i e d v a l u e and i m p r e s s i v e p r e c i s i o n , 
2.5 co:-:ci.usio--is 
I n g e n e r a l the d i f f i c u l t y c f preparir^g e x c i t a t i o n s o u r c e s o f f -
e r i n g a h i g h s i g n a l - t o - n o i s e r a t i o h a s h i n d e r e d the development o f 
atom^ic f l u o r e s c e n c e spectrom.etry. I n the c a s e of r.'.ercury, however, 
i t i s r e l a t i v e l y easy to p r e p a r e s u i t a b l e s o u r c e s and,-under s u i t -
a b l e e x p e r i m e n t a l c o n d i t i o n s , the i r . h e r e n t a d v a n t a g e s o f atomic f l u o -
r e s c e n c e ( g r e a t e r s e n s i t i v i t y and extended l i n e a r dyn?jr.ic r a n g e ) a r e 
a v a i l a b l e . I n the v/ork d e s c r i b e d s e v e r a l c l e a r l y i d e n t i f i a b l e f a c -
t o r s have c o n t r i b u t e d to the s e n s i t i v i t y , p r e c i s i o n o r ease o f o p e r -
a t i o n of the method d e v e l o p e d . 
- ?9 
T a b l e 5 
Mercury content: of orchard l e a v e s 
(MBS SPuM 1571, c e r t i f i c a t e v a l u e 155 ± 15 ng.g ^) 
R e p l i c a t e Number 1 2 3 4 5 6 7 
-1 ^ 
Mercury Found (ng.g ) 159 153 155 155 159 L58 157 
Mean = 157 ng.g ^ 
Estimated s t a n d a r d d e v i a t i o n of the mean = 1.0 ng.g ^ 
R e l a t i v e standard d e v i a t i o n = 0 . 6 % 
^Each rep o r t e d f i g u r e i s the mean of 5 measurements of the same 
d i g e s t 
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:.;ethods of producirig mercury vapour by h e a t i n g metal t r a p s on which 
m.ercury has been c o l l e c t e d a f t e r d i s s o l u t i o n o r combustion o f the 
sample, g e n e r a l l y prove more e f f i c i e n t i n rem.ovlng p o t e n t i a l i n t e r -
f e r e n t s . Such miethods a r e , however, com:plex and e x p e n s i v e . I n con-
t r a s t the c o l d - v a p o u r r e d u c t i o n / a e r a t i o n t e c h n i q u e i s r a p i d , s i m p l e , 
cheap and r o b u s t . V.'hen s t r o n g l y o x i d i s i n g s p e c i e s a r e a b s e n t t h i s 
p r o c e d u r e i s e q u a l l y f r e e from i n t e r f e r e n c e s . U n n e c e s s a r y d i l u t i o n 
of m:ercury vapour by f l a m e - g a s e s i s a v o i d e d u s i n g the f l a m : e l e s s atom 
c e l l . T h i s r e s u l t s i n a h i g h e r i n s t a n t a n e o u s c o n c e n t r a t i o n o f mer-
c u r y i n the o p t i c a l p a t h and enhanced s e n s i t i v i t y . 
The l o n g p a t h - l e n g t h a t o n - c e l l s p r e f e r r e d i n a t o m i c a b s o r p t i o n s p e c -
t r o m e t r y a r e not necessary/" i n a t o m i c f l u o r e s c e n c e s p e c t r o m e t r y , v/here 
a s u i t a b l e a t o m - c e l l i s one i n v/hich the a n a l y t e atoms a r e c o n t a i n e d 
i n a r e l a t i v e l y sm.all volume c l o s e to both the e x c i t a t i o n s o u r c e and 
the e n t r a n c e s l i t . The atom c e l l d e s c r i b e d i s t h u s e n t i r e l y s u i t e d 
f o r u se w i t h atomic f l u o r e s c e n c e s p e c t r o m e t r y . The geomietry and pos-
i t i o n i n g of the tube from -which the mercury vapours a r e d i s c h a r g e d 
e n s u r e s t h a t a l l the mercury e v o l v e d r e a c h e s the o p t i c a l p a t h . The 
l a m i n a r flov; of a r g o n s u r r o u n d i n g the atom, c e l l p r e v e n t s l a t e r a l 
d i f f u s i o n o f r;ercur7 a l l o w i n g a w i n d o w l e s s c e l l to be used, v/hich 
e l i r ^ i n a t e s the problems e n c o u n t e r e d w i t h f o g g i n g of c e l l v/indows 
by w a t e r vapour. S i n c e a l l the mtercury e v o l v e d r e a c h e s the o p t i c a l 
path a prim:e c o n s i d e r a t i o n i s t h a t of r e s i d e n c e tim.e, which i s most 
dependent on c a r r i e r gas flov/ r a t e . The optim.um r e s i d e n c e tim.e has 
been o b t a i n e d by u s i r ^ the optimtal c o m b i n a t i o n o f c a r r i e r and lam.inar 
gas f l o w r a t e s . V e r t i c a l e x p u l s i o n o f t h e mercury from the o p t i c a l 
path i s r e t a r d e d by t u r b u l e n t m i x i n g of the tv/o gas flov/s above the 
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f l u o r e s c e n c e zone. 
The i n c r e a s e i n s i g n a l s i z e of a p p r o x i m a t e l y 12, r e a l i s e d t h r ough use 
o f the l a m i n a r f l o w of argon, i s thought to be due t o two s e p a r a t e 
e f f e c t s . I n a d d i t i o n to e n s u r i n g t r a n s p o r t o f the m.ercury t h r o u g h 
the o p t i c a l p a t h the s h e a t h i n g gas p r e v e n t s e n t r a i n m e n t of the s u r -
r o u n ding a i r . Oxygen and n i t r o g e n a r e t h u s e x c l u d e d from: the atom: 
c e l l and quenching of mercury a t o m i c f l u o r e s c e n c e by t h e s e s p e c i e s 
i s p r e v e n t e d ( i t has been shov/n t h a t the f l u o r e s c e n c e s i g n a l i s o n l y 
and 25^ -^, i n a i r and n i t r o g e n r e s p e c t i v e l y , o f t h a t o b t a i n e d i n 
argon) . The use of s h e a t h i i n g g a s a l s o produces s i g n i f i c a n t im.prove-
mjent s i n p r e c i s i o n . 
The c a l i b r a t i o n p l o t o b t a i n e d i s t y p i c a l ( 9 1 ) of a t o m i c f l u o r e s c e n c e 
miethods i n w h i c h a l i n e i n s t e a d o f a continuum e x c i t a t i o n s o u r c e has 
been u s e d . At low miercury c o n c e n t r a t i o n s the r e s p o n s e v e r s u s concen-
t r a t i o n p l o t i s r e c t i l i n e a r , i ^ . e. the s l o p e = 1 and r e s p o n s e i s p r o -
p o r t i o n a l to 1;, the num:ber o f atoms. At h i g h m.ercury c o n c e n t r a t i o n s 
(2000 ng.m.l " and g r e a t e r ) a b s o r p t i o n of the f l u o r e s c e n t r a d i a t i o n by 
m.ercury atoms on the p e r i p h e r y of the atom c e l l c a u s e s a n e g a t i v e 
d e v i a t i o n from t h e e x p e c t e d a n a l y t i c a l growth c u r v e . T h i s e f f e c t 
becomies more pronounced a s the miercury c o n c e n t r a t i o n i n c r e a s e s u n t i l 
a p o i n t i s r e a c h e d when the s i g n a l b e g i n s to d e c r e a s e v/ith i n c r e a s e 
i n c o n c e n t r a t i o n . 3eyond t h i s p o i n t the t r e n d c o n t i n u e s u n t i l the 
s l o p e of the p l o t r e a c h e s a v a l u e of -v and r e s p o n s e i s p r o p o r t i o n a l 
to :'i ~, the r e c i p r o c a l of the s q u a r e r o o t of the numiber of miercury 
atomis. N e v e r t h e l e s s , c a l i b r a t i o n i s l i n e a r o'-er a p p r o x i m a t e l y f o u r 
o r d e r s of magnitude (0.4-2000 ng.ml""*") and, v;hiie t h i s is i n f e r i - o r 
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to so.Tie r e p o r t e d a t o r a c f l u o r e s c e n c e and a t o . " i c e.-nission ( I . C . ? . ) 
l i n e a r dynarric r a n g e s , i t i s c o n s i d e r a b l y s u p e r i o r to t y p i c a l a t o r i i c 
a b s o r p t i o n l i n e a r c a l i b r a t i o n p l o t s . 
The v a s t .-najority of v/orkers have r e p o r t e d methods i n w h i c h e x c i t -
a t i o n and c o l l e c t i o n o f a t o ^ d c f l u o r e s c e . n c e i s a c h i e v e d u s i n g conven-
t i o n a l r i g h t - a n . g l e o p t i c s . Thus, the r e s u l t s o b t a i n e d u s i n g 
i l l u T . i n a t i o n a r e i n t e r e s t i n g s i n c e t h e y s u g g e s t t h a t 90*^ i s a u.uch 
l e s s f a v o u r a b l e a n g l e o f i l l u . T i i n a t i o n . One r e a s o n , p e r h a p s , v/hy 90*^ 
has proved so p o p u l a r i s t h a t t h i s a n g l e i s most r e a d i l y a c c o m o d a t e d 
by the p r a c t i c a l s y s t e m s v/hich .have been u s e d . U s i n g i l l u . ^ . i n a t i o n 
a t 45° the l e v e l of s p e c u l a r r e f l e c t i o n and background r a d i a t i o n 
e n t e r i n g the .fnonochromator i s riuch r e d u c e d . C o n s e c u e n t l y g r e a t e r 
a m p l i f i c a t i o n of the s i g n a l w i t h o n l y a .-ninirr.al i n c r e a s e i n n o i s e i s 
a c h i e v e d , r e s u l t i n g i n g r e a t l y i n c r e a s e d s e n s i t i v i t y . 
The .-nanual i n j e c t i o n t e c h n i q u e d e s c r i b e d p r o v i d e s good s e n s i t i v i t y , 
but i s r a t h e r tir!e-consu.T:ing and s u f f e r s froni poor p r e c i s i o n a t v e r y 
lov/ l e v e l s of mercury due to the nu.T:ber of d i s c r e t e v a r i a b l e s and 
m a n i p u l a t i o n s i n v o l v e d . I n c o n t r a s t the c o n t i n u o u s flov/ s y s t e m p r o -
v i d e s a r a p i d and c o n v e n i e n t method w i t h improved p r e c i s i o n and a 
•nini.Tial l o s s i n s e n s i t i v i t y . I f the dead volurr.e of the syste.T. c c u l d 
be s u b s t a n t i a l l y r e d u c e d , t h e n the i n c r e a s e d c o n c e n t r a t i o n o f rr.ercury 
i n the c a r r i e r gas c o u l d r e s u l t i n even b e t t e r s e n s i t i v i t y . 
Thus a t o T i i c f l u o r e s c e n c e s p e c t r o ~ . e t r y has p r o v i d e d a r.ethod v/hich i s 
both s e n s i t i v e and p r e c i s e f o r the i'leter.-r.ination of rr.ercury and v/hich 
e x t e n d s -over a wide l i n e a r c a l i b r a t i o n range. The g a s - s h e a t h e d ato.r. 
c e l l has e r i i a n c e d t h i s i n i t i a l s e n s i t i v i t y both by c o n s t r a i n i r i g 
mercur;/ i n the o p t i c a l p a t h and a l s o by p r e v e n t i n g e n t r a i n m e n t o f 
atm.ospheric s p e c i e s v/hich a r e knov/n to quench mercury atomic f l u o r -
e s c e n c e , V/hile the d e v i c e d e s c r i b e d has been u s e d i n a c o n v e n t i o n a l 
d i s p e r s i v e s p e c t r o m e t e r , i t i s e a s i l y accomjnodated and s h o u l d be 
s u i t a b l e f o r i n s t a l l a t i o n i n most i n s t r u m e n t s , i n c l u d i n g n o n - d i s p e r -
s i v e s y s t e m s of the type r e c e n t l y r e p o r t e d ( 9 2 , 9 3 ) , but not y e t 
v/idely a v a i l a b l e . The e a s e ,of a n a l y s i s p r o v i d e d by the c o n t i n u o u s 
flov/ s y s t e m c o n t r i b u t e s tov/ard the o v e r a l l u s e f u l n e s s o f t h i s method 
when l a r g e numbers o f samiples, c o n t a i n i n g d i v e r s e m:atrices and v/idely 
varyin-g am^ounts of mercury, a r e to be a n a l y s e d . 
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Chapter 3. DET£R£1INATI0N OP MERCUHy IN COAL 
3.1 INTRODUCTION 
Determinations of mercury i n coal are fraught with a number of 
problems because of the highly i n t r a c t a b l e nature of the c o a l matrix, 
the v o l a t i l i t y of mercury and the very low l e v e l s thought to be pre-
sent ( t y p i c a l l y s i g n i f i c a n t l y l e s s than 1 ^ g.g""^. I t has been pro-
posed that instrumental techniques such as spark-source mass s p e c t r o -
metry ( 2 , 21) and X-ray fluorescence (94) may be used to determine 
mercury i n coal without sample d i s s o l u t i o n , but t h i s has not been 
widely confirmed. While such methods are r e l a t i v e l y simple and r a p i d , 
good s e n s i t i v i t y and p r e c i s i o n are not r e a d i l y obtained and the 
r e s u l t s reported may be only s e m i q u a n t i t a t i v e , V/hile v/hole c o a l may 
be i r r a d i a t e d i n order to determine mercury by neutron a c t i v a t i o n 
a n a l y s i s ( 9 5 ) , i t i s f r e q u e n t l y necessary to combust (22, 96) or 
digest (23, 97, 98) the coal l a t e r i n order to concentrate the mer-
cury p r i o r to counting to obtain the necessary s e n s i t i v i t y , V/hile 
o f f e r i n g good accuracy and p r e c i s i o n , these methods are f r e q u e n t l y 
very time-consuming and complex, r e q u i r i n g e x p e n s i v e , s p e c i a l i s e d 
instrumentation. 
Most a l t e r n a t i v e a n a l y t i c a l methods f o r coal e n t a i l p r i o r d e s t r u c -
t i o n of the matrix. Recently, low temperature ashing (150^0) u s i n g 
radio-frequency e x c i t e d oxygen at reduced pressure has been used to 
prepare c o a l samples f o r a n a l y s i s . V/hile the majority of metals are 
r e t a i n e d some of the more v o l a t i l e may s t i l l be l o s t (22, 23). I n 
a d d i t i o n , prolonged sample treatment times ( t y p i c a l l y 70 hours f o r 
a 0.5 g c o a l sample) are r e q u i r e d , s e v e r a l samples are 
conventiently ashed simultajieously. Low temperature ash may a l s o 
r e q u i r e f u r t h e r treatment, e.g. f u s i o n or d i s s o l u t i o n with hydro-
f l u o r i c a c i d to bring i t int o a form s u i t a b l e f o r a n a l y s i s , 
A few repo r t s have appeared on methods of coal d i s s o l u t i o n without 
p r i o r ashing. A v a r i e t y of o x i d i s i n g a c i d mixtures and conditions 
have been used, t y p i c a l l y under r e f l u x , e.g. s u l p h u r i c a c i d / p o t a s -
sium permanganate (99) » sulphizric a c i d / n i t r i c a c i d (100), 
s u l p h u r i c a c i d / n i t r i c a c i d / p e r c h l o r i c a c i d (101, 102), p e r c h l o r i c 
a c i d / p e r i o d i c a c i d ( 1 0 3 ) , sxilphuric acid/hydrogen peroxide ( 1 0 4 ) , 
aqua regia/potassiuzn permanganate ( 1 0 5 ) . Some of these methods may 
produce incomplete d i g e s t i o n or l o s s e s of v o l a t i l e elements, espe-
c i a l l y mercury due to the vigorous d i g e s t i o n c o n d i t i o n s . The use 
of PTPE l i n e d d i g e s t i o n bombs i s another a l t e r n a t i v e reported, and 
again, a v a r i e t y of a c i d mixtures has been used, e.g. aqua r e g i a / 
h y d r o f l u o r i c a c i d ( 1 0 6 ) , fuming n i t r i c a c i d / h y d r o f l u o r i c a c i d ( 1 0 7 ) . 
Combustion bombs i n which the coal i s burned i n oxygen under high 
pressure have a l s o been reported. A f t e r combustion the gases v/ere 
absorbed i n d i l u t e n i t r i c a c i d (108) and hydroxalymine hydrochloride/ 
d i l u t e n i t r i c a c i d ( 1 0 9 ) . These bombs present some handling d i f f i -
c u l t i e s (23, 105) and a c i d migration may r e s u l t i n damage to m e t a l l i c 
components and l o s s e s of mercury. 
Oxidative combustion and non-oxidative p y r o l y s i s have been used to 
generate mercury vapour at temperatures reported v a r i o u s l y betv/een 
600°C (110) and 850°C ( i l l ) . The l i b e r a t e d mercury i s removed by 
a small flow of gas, commonly oxygen,- a i r or ni t r o g e n and trapped 
on a s e r i e s of gold f r i t s (23, 111, 113) or c o l l e c t e d i n a s u i t a b l e 
absorbing medium, commonly a c i d i f i e d potassium permanganate s o l u t i o n 
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(23, 110, 113, 114), or i n a l i q u i d nitrogen cooled trap ( 8 8 ) . Some 
workers (110, 115) have experienced over-rapid combustion when using 
oxygen as the purge gas, while others have recommended the use of 
secondary combustion and ashing agents, e.g. s i l v e r and quartz wool 
(115), sodium carbonate ( i l l ) , i n order to prevent l o s s e s of mercury 
by adsorption on uncombusted carbonaceous m a t e r i a l s and t a r s . Other 
workers using amalgamation methods have reported that s i m i l a r a u x i l -
l i a r y o x i d i s i n g agents and c a t a l y s t s , e.g. copper oxide ( 8 8 ) , sodium 
n i t r a t e ( 1 1 2 ) , alumina and quartz wool (114), s i l v e r wool (23) and 
hot platinum wires (88) , may be required to prevent smoke and orga-
n i c vapours from o b s t r u c t i n g amalgamation s i t e s on the metal f r i t s 
and from entering the absorption c e l l . S i m i l a r r e s u l t s have been 
observed by some workers c o l l e c t i n g the mercury i n a c i d i c potassium 
permanganate s o l u t i o n where organic vapours and combustion products 
( 2 3 » 116), e.g. sulphur dioxide and oxides of nitrogen, have decom-
posed the c o l l e c t i n g s o l u t i o n r e s u l t i n g i n l o s s e s of mercury. I n 
one v a r i a t i o n (117) based on the above methods a sample of c o a l was 
combusted and the evolved mercury c o l l e c t e d on the i n n e r s u r f a c e of 
a porous, gold-plated carbon tube. The tube was i n s e r t e d i n a c a r -
bon rod atomiser and the mercury determined by conventional e l e c t r o -
thermal atomic absorption spectrometry. I n another v a r i a t i o n (118) 
the mercury r e l e a s e d on combustion of the coal was c o l l e c t e d on gold 
spherules from which i t was subsequently removed by d i g e s t i o n w i t h 
concentrated n i t r i c a c i d i n a heated autoclave. The mercury was 
e l e c t r o l y t i c a l l y deposited onto carbon cathodes which were then i n -
se r t e d into a graphite tube and the mercury determined by e l e c t r o -
thermal atomic absorption spectrometry. T h i s l a t t e r method i s some-
what time consuming, r e q u i r i n g at l e a s t twelve.hours to ensure com-
plete d e p o s i t i o n of the mercury onto the carbon cathodes. 
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One review a r t i c l e by S c h l e s i n g e r and S c h u l t z (119) surjr.arizes t h e 
advantages and l i . T i i t a t i o n s o f s e v e r a l approaches t o sajnole p r e t r e a t -
iT.ent v/hile a n o t h e r by Lehmden £ t a l (120) compares the r e s u l t s ob-
t a i n e d f o r c o a l a n a l y s i s u s i n ^ a v a r i e t y o f a n a l y t i c a l t e c h n i q u e s . 
I n t h i s v;ork i n v e s t i g a t i o n s i n t o the use o f v a r i o u s o x i d i s i n g a c i d 
m i x t u r e s as a means o f d i s s o l v i n g c o a l samples f o r subsequent rrercury 
a n a l y s i s are d e s c r i b e d . The rr^ajor recuire .T ient o f a s u i t a b l e n-ethod 
i s t h a t safe and r e p r o d u c i b l e l i b e r a t i o n o f the mercury fro.-n t h e c o a l 
i s achieved i n as s h o r t a time as p o s s i b l e v/hile q u a n t i t a t i v e l y r e -
t a i n i n g the mercury. I n the methods examined a t t e n p t s v/ere r:ade not 
o n l y t o d i g e s t t h e c o a l , b ut a l s o t o l e a c h and t o d i s t i l the mercury 
f r o n the c o a l - a t r i x . 
I n a d d i t i o n t o the d i s s o l u t i o n .-ethods c o n s i d e r e d a .T.ore s p e c i f i c 
approach i n v o l v i n g o x i d a t i v e cOiT:bustion and n o n - o x i d a t i v e p y r o l y s i s 
o f c o a l as a means o f r e l e a s i n g mercury v;as examined. As p r e v i o u s l y 
s t a t e d s e v e r a l v/orkers have r e p o r t e d such rnethods though c o n f l i c t i n g 
o p i n i o n s e x i s t e s p e c i a l l y regardir^g the choice o f the combustion 
support gas and the need t o i n c l u d e a u x i l l i a r y o x i d i s i n g agents and 
c a t a l y s t s i n the combustion t r a i n . As a r e s u l t n o n - o x i d a t i v e p y r o l -
y s i s under n i t r o g e n seemed to o f f e r a method whereby mercury c o u l d be 
i s o l a t e d from c o a l w i t h o u t the attenda.nt hazards o f e x p l o s i v e i g n i -
t i o n . Potassium dichromate s o l u t i o n (due t o i t s proven u t i l i t y f o r 
s t o r i n g d i l u t e s o l u t i o n s o f "-ercury) o r potassium permanganate s o l u -
t i o n (by v i r t u e o f i t s p r e v i o u s a p p l i c a t j o n s ) was used t o c o l l e c t 
the mercury evolved d u r i n g p y r o l y s i s ( o r cor.bustion) o f the c o a l . 
Subsequent d e t e r m i n a t i o n o f the mercury was achieved u s i n g the c o l d 
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vapour ato.T.ic f l u o r e s c e n c e systeni d e s c r i b e d i n Chapter 2. The p e r f o r -
2:ance o f the o p t i r n i s e d system was e v a l u a t e d by d e t e r T : i n i n g t h e mercury 
content o f v a r i o u s c o a l and ash samples i n c l u d i r i g the MBS b i t u m i n o u s 
c o a l , SRT.: 1832a. 
3. 2 3:^ ?ERI!.TEI-:TAL 
3.2.1 3C:UI?:,SNT 
A l l wet chemical d i g e s t i o n s and d i s t i l l a t i o n s were performed 
u s i n g r e a d i l y a v a i l a b l e l a b o r a t o r y glassv/are, i . e . a 2-necked, round 
bottomed 250 ml f l a s k and a 32^ Q u i c k f i t double s u r f a c e condenser. 
R e a c t i o n m i x t u r e s were heated u s i n g a Bunsen b u r n e r . The tube f u r -
nace ( C a r b o l i t e L t d . , S h e f f i e l d ) and p y r o l y s i s t r a i n are shown i n 
f i S . 8. 
3.2.2 REAGENTS 
Unless otherv/ise s t a t e d , a l l reagents used were o f a n a l y t i c a l 
grade. 
N i t r i c a c i d d i l u e n t and p r e s e r v a t i v e f o r standards: 
0,03^ °^ /v p o t a s s i i i m . 
dichromate i n n i t r i c a c i d , 16 M. 
Potassium dichromate s o l u t i o n s : 
( i ) f o r d i ^ - e s t i o n experiments; 0.5!^ "/v i n c o n c e n t r a t e d 
n i t r i c a c i d . 
( i i ) f o r l e a c h i n g experiments; 0,03^r '''/v i n c o n c e n t r a t e d 
n i t r i c a c i d . 
( i i i ) f o r p y r o i y s i s experiments; tv.'elve s o l u t i o n s v/ere 
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prepared c o n t a i n i n g c o n c e n t r a t e d s u l p h u r i c a c i d (200 
m l . l ~) end c o n c e n t r a t e d n i t r i c a c i d (100 mj..l ' ) . 
Hydroxylamine h y d r o c h l o r i d e s o l u t i o n : 
^/v i n d i s t i l l e d 
d e i o n i s e d w a t e r , p u r i f i e d by a double e x t r a c t i o n w i t h 
d i t h i z o n e (0.05^ °^ /v i n c h l o r o f o r m ) . 
Concentrated n i t r i c a c i d . 
Concentrated s u l p h u r i c a c i d . 
Concentrated h y d r o c h l o r i c a c i d . 
Concentrated h y d r o f l u o r i c a c i d . 
Concentrated p e r c h l o r i c a c i d (60 and 7275 *"/v) . 
Hydrogen p e r o x i d e (100 v o l s , 30f!- '"/v) . 
r'" 
B o r i c a c i d s o l u t i o n ( s a t u r a t e d s o l u t i o n , '*/v). 
Potassium p e r c h l o r a t e s o l u t i o n (g. p. r.) . 
Potassium i o d i d e . 
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I I . 
N i t r o g e n i n l e t , 300 ml.min"^ 
Scrubbing s o l u t i o n , 50 ml. 
Fused s i l i c a tube 
Furnace 
Fused s i l i c a b o a t , c o n t a i n i n g pov;dered c o a l 
H e a t i n g tape and power supply 
C o l l e c t i n g s o l u t i o n , 20 ml 
C o l l e c t i n g s o l u t i o n , 5 ml 




3.2.3.1 VfBT DIGESTIONS 
suL?HU7a:c A C I D / N I T R I C A C I D 
Powdered c o a l (1.0 g) v/as added t o the d i g e s t i o n f l a s k c o n t a i r d n g 
c o n c e n t r a t e d s u l p h u r i c a c i d (7 ml) and c o n c e n t r a t e d n i t r i c a c i d 
(3.5-7 m l ) . The f i x t u r e v/as r e f l u x e d g e n t l y f o r a p p r o x i r r a t e l y 90 n i n s . 
F u r t h e r srr.all a l i c u o t s (0.5 "1) o f n i t r i c a c i d '.vera added over a per -
i o d o f 90 ."ins ( t o t a l volu.-ne added 3.5 - 1 ) . A f t e r c o o l i n g the s o l u t i o n 
and r e s i d u e s were t r a n s f e r r e d , w i t h v/ashings, t o a 50 ml graduated 
f l a s k . 
SULPHURIC ACID/HypROGEi: PEROXIDE 
Powdered c o a l ( 0 , 2 g) v/as added t o the d i g e s t i o n f l a s k c o n t a i n i n g 
c o n c e n t r a t e d s u l p h u r i c a c i d ( 1 0 .T;1) . The m i x t u r e was heated t o 6C^C 
and rr.aintaineG a t t h i s temperature f o r 1-2 hours. Hydrogen p e r o x i d e 
v/as added dropwise u n t i l the s o l u t i o n c l e a r e d o r u n t i l a maximum o f 
5 .^.1 had been added. I n an a l t e r n a t i v e method c o n c e n t r a t e d n i t r i c 
a c i d ( 5 m l ) , v/as added t o the s u l p h u r i c a c i d a t the b e g i n n i n g o f the 
d i g e s t i o n and the hydrogen p e r o x i d e added as b e f o r e . 
A f t e r c o o l i n g , the s o l u t i o n and r e s i d u e s v/ere t r a n s f e r r e d v / i t h was'n-
i n g s t o a graduated f l a s k ( 2 5 or 5 0 m l ) . 
NITRIC ACID/?CTASSIb7i DICHRO"A?E 
Pov/dered c o a l ( 1 . 0 g) v/as added t o the d i g e s t i o n f l a s k c o n t a i n i n g 
potassium d i c h r o " a t e s o l u t i o n ( 0 . 5 : : '"'/v i n c o n c e n t r a t e d n i t r i c a c i d , 
20 iT.l) . The m i x t u r e v/as r e f l u x e d g e n t l y f o r 1 ^ - 2 ^ hours. I f p o t a s -
s i u " p e r c h l o r a t e s o l u t i o n v/as t o be added the m i x t u r e was cooled 
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a f t e r a p p r o x i m a t e l y 90 .-nins and the reagent added v i a the second neck 
o f the f l a s k . A f t e r h e a t i n g f o r a f u r t h e r 90 .i:ins. the m i x t u r e was 
cooled and the s o l u t i o n and r e s i d u e s t r a n s f e r r e d v ; i t h v/ashings t o 
a 50 ml graduated f l a s k . 
PSRCHLORIC ACID 
( i ) v ; i t h n i t r i c a c i d p r e t r e a t T i e n t . 
?ov/dered c o a l (0.5 g) was added t o the d i g e s t i o n f l a s k con-
t a i n i n g ootassium dichromate s o l u t i o n (0.57? '"/v i n c o n c e n t r a t e d n i t r i c 
a c i d , 5 ' i l ) . I f used, potassium i o d i d e ( 0 . 1 g) was added at t h i s 
p o i n t . The m i x t u r e was heated g e n t l y f o r 10-15 .Tins a f t e r w h i c h per-
c h l o r i c a c i d (60 o r 72fy ^ / v , 25 nl) was added and the m i x t u r e r e f l u x e d 
g e n t l y f o r J t o I r ho u r s . V/hen c o o l the s o l u t i o n and r e s i d u e s v/ere 
t r a n s f e r r e d , w i t h v/ashings, t o a 50 rrd graduated f l a s k . 
( i i ) w i t h o u t n i t r i c a c i d p r e t r e a t i n e n t . 
Powdered c o a l (0.5 g) was added t o the d i g e s t i o n f l a s k con-
t a i n i n g p e r c h l o r i c a c i d (60 o r 72f5 '"/v, 30 r . l ) . I f used, potassium 
i o d i d e ( 0 . 1 g) was added and the m i x t u r e heated u n t i l e f f e r v e s c e n c e 
began and the r e a c t i o n beca:ne v i g o r o u s and s e l f - s u s t a i n i n g . H e a t i n g 
was d i s c o n t i n u e d u n t i l e f f e r v e s c e n c e subsided whereupon the n-ixture 
was r e f l u x e d u n t i l d i s s o l u t i o n o c c u r r e d ( s e c t i o n 3.3.1.4, ?.79). 
A f t e r c o o l i n g , the s o l u t i o n and r e s i d u e s were t r a n s f e r r e d v / i t h v/ash-
ip.gs t o a 50 ml graduated f l a s k . 
:a?RIC ACID/H--OHCCHI.0RIC ACID/HYDR07LU0RIC ACID 
Powdered coal (0,5 g) was placed i n the P.T.P.E. bcmb l i n e r , t o 
v/hich c o n c e n t r a t e d n i t r i c a c i d (6 r l ) and c o n c e n t r a t e d h y d r o c h l o r i c 
a c i d (3 ~1) v/ers added. The bomb was t h e n s e a l e d and heated i n an 
oven m a i n t a i n e d at 135 - lO^C f o r 1 ^ hours. A f t e r c o o l i n s i n a i r f o r 
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45 mins and i n i c e d w a t e r f o r 30 mins, the bomb v/as opened, concen-
t r a t e d h y d r o f l u o r i c a c i d (5 ml) added and the bom/o reheated t o 135^0 
f o r a f u r t h e r I t hours. A f t e r c o o l i n g as d e s c r i b e d above excess 
h y d r o f l u o r i c a c i d v/as d e s t r o y e d w i t h s a t u r a t e d b o r i c a c i d s o l u t i o n 
"'/v, 50 m:l) . The s o l u t i o n v/as t h e n t r a n s f e r r e d v / i t h -washings t o 
a 100 mJ. graduated f l a s k . 
I f incom;plete d i g e s t i o n o f the c o a l o c c u r r e d an a l i q u o t o f the s o l u t i o n 
v/as f i l t e r e d t h r o u g h g l a s s v;ool and analysed i n a d d i t i o n t o t h e u n f i l -
t e r e d s o l u t i o n . 
3.2.3.2 LEACHING 
NITRIC ACID/HyPRQCHLOHIC ACID 
Powdered c o a l (1.0 g) was added t o the d i g e s t i o n f l a s k c o n t a i n i n g 
c o n c e n t r a t e d h y d r o c h l o r i c a c i d (30 ml) and potassium dichrom.ate s o l u -
t i o n (0.03/S "Vv i n c o n c e n t r a t e d n i t r i c a c i d , 7.5 ml) and r e f l u x e d 
g e n t l y f o r 1 hour. A f t e r c o o l i n g the m i x t u r e was f i l t e r e d t h r o u g h 
g l a s s wool i n t o a 50 m^ l graduated f l a s k and m:ade up t o volur.e w i t h 
f l a s k and r e s i d u e washings. 
3.2,30 DI5TILLATI0:-: 
::iT?.Tc AciD/suL?."ru?Jc A C I D 
Powdered c o a l (1.0 g) was placed i n the d i g e s t i o n f l a s k c o n t a i n i n g 
c o n c e n t r a t e d n i t r i c a c i d (30 ml) and c o n c e n t r a t e d s u l p h u r i c a c i d 
(6C ml) and heated v i g o r o u s l y v/ithout r e f l u x f o r 1-2 hours. The 
evol v e d mercury v/as c o l l e c t e d i n potassium perm.anganate s o l u t i o n 
(ir: "Vv i n s u l p h u r i c a c i d , 10 ml, 1 K) i n a 25 " 1 graduated f l a s k . 
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The a i r condenser was washed i n t o t h e f l a s k and excess potassium p e r -
manganate s o l u t i o n d e s t r o y e d u s i n g hydror^ylamine hydrochJ-oride s o l u -
t i o n (20r^ ""/v, added dropvvise u n t i l the p u r p l e c o l o u r v/as d i s c h a r g e d ) . 
3.2.3.4 PYH0LYSI3 Am) COHBUSTION PR0C3DURES 
PYROLYSIS A?:D COLLSCTIO:? IT- POTASSIUT,: DIC:-:HCI.-ATS SOLUTIO?? 
Powdered c o a l (2,0 g) was weighed i n t o a fused s i l i c a b o a t , 
p r e v i o u s l y cleaned by h e a t i n g t o lOOO^C i n a stream o f n i t r o g e n . The 
boat was i n s e r t e d i n t o a fused s i l i c a tube (25 mm i . d . , 500 mm. l o n g ) 
l o c a t e d i n the c a v i t y o f the tube f u r n a c e . A Dres c h e l b o t t l e ( t o a c t 
as sc r u b b e r ) and the c o l l e c t i n g v e s s e l (a 25 ml graduated f l a s k ) were 
f i l l e d w i t h 50 ml and 20 ml o f the a p p r o p r i a t e c o l l e c t i n g s o l u t i o n . 
The scrubber v/as t h e n connected t o the f r o n t o f the p y r o l y s i s t r a i n 
and the c o l l e c t i n g v e s s e l t o the end ( f i g . 8 ) . The d e l i v e r y tube v/as 
ma i n t a i n e d a t 150*^C by a; h e a t i n g tape t o prevent condensation o f 
wa t e r and/or o r g a n i c vapours on the glassv/are. The fu r n a c e was heated 
t o 800*^C (about 40 mins at 20^C min""^) d u r i n g v/hich time n i t r o g e n 
(300 r . l . min ^) was f l u s h e d t h r o u g h t h e tube to sweep the evolved 
mercury i n t o t h e c o l l e c t i n g s o l u t i o n . On r e a c h i n g 800*^0 the f u r n a c e 
was sv/itched o f f and a l l o w e d t o c o o l t o approxim.ately 400°C (about 
1 h o u r ) . The s i d e arm was r i n s e d w i t h c o n c e n t r a t e d n i t r i c a c i d 
(^ 5 ml) w h i c h was added t o the c o l l e c t i n g s o l u t i o n . A reagent b l a n k 
v/as prepared by p y r o l y s i n ^ an empty boat, 
PYRQLYoIS ?0LL0V^D BY CCLLrlCTION IN PCTASSIUT:: PSR'.t.AiJGAN'ATB SOLUTlOi; 
i.iethod 1 
T h i s procedure was s i m i l a r t o t h a t d e s c r i b e d above but i n c l u d e d 
the f o l i o w i n g m o d i f i c a t i o n s : 
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( i ) potassium permanganate sblution(l?!"- "'/v i n s u l p h u r i c a c i d , 1!.*) 
v/£s used as the s c r u b b i n g and c o l l e c t i n g s o l u t i o n , 50 ml and 15 ml 
r e s p e c t i v e l y . 
( i i ) hydroxylan-ine h y d r o c h l o r i d e s o l u t i o n (20f' ^/v) was added d r o p -
wise t o the c o l l e c t i n g s o l u t i o n t o d e s t r o y excess potassium perman-
ganate. 
I f t h e c o a l v;as t o be conibusted, r a t h e r than p y r o l y s e d , the n i t r o g e n 
purge gas v/as r e p l a c e d v / i t h a i r (100-300 ml. min ~) . 
Method I I 
T h i s procedure i s s i m i l a r t o t h a t d e s c r i b e d i n ' I * above, but 
uses the more o x i d i s i n g and a c i d i c c o l l e c t i n g s o l u t i o n d e s c r i b e d i n 
s e c t i o n 3.2.2, page 63. I n a d d i t i o n t h e sin-gle c o l l e c t i n g v e s s e l 
v/as r e p l a c e d w i t h tv/o v e s s e l s i n s e r i e s , c o n t a i n i n g 20 ml and 5 ml 
o f c o l l e c t i n g s o l u t i o n . 
DETSPJ'IIJATIOK 0? MERCU.?/ 
The a p p a r a t u s , o p e r a t i n g c o n d i t i o n s and procedures used f o r the 
d e t e r m i n a t i o n o f mercury are g i v e n i n Chapter 2 ( s e c t i o n 2 , 3 . 3 - 3 , ( i i ) , 
page 4 4 ) . 
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3.3 RS3U1TS A i ID DISCUSSIOi? 
3.3.1 DIGESTION Qj'' COAL iJSIMG /^/ST C:-:Br-'ICAL ?JKTK0D5 
3.3.1.1 :n:TRic AKD S U I P H U H I C ACIDS 
? i r s t a t t e m p t s i n v o l v e d c a r e f u l l y h e a t i n g the m i x t u r e on a v/eter 
b a t h t o i n i t i a t e the r e a c t i o n f o l l o w e d by more v i g o r o u s h e a t i n g w i t h 
a flame. V/hen t h i s proved u n s u c c e s s f u l subsequent m i x t u r e s v/ere 
heated i m m e d i a t e l y v / i t h a Bunsen bur n e r . The i n i t i a l r e a c t i o n p r o -
ceeded smoothly and, a f t e r f u r t h e r sm;all a d d i t i o n s (0.5 mil, t o t a l v o l -
um.e added 3.5 ml) o f n i t r i c a c i d had been added d u r i n g d i g e s t i o n , s o l u -
t i o n s o f coal were e v e n t u a l l y o b t a i n e d . These s o l u t i o n s c o n t a i n e d 
p r e c i p i t a t e d s i l i c a and were c o l o u r e d b r i g h t y e l l o v / due t o the presence 
o f .^ e''"^ . U n f o r t u n a t e l y d i s s o l u t i o n tim:es were f r e q u e n t l y i n excess 
o f t h r e e hours and d i g e s t i o n v/as o f t e n incom.plete. Attem.pts t o m.ini-
m.ise these e f f e c t s were made by i n c l u d i n - g more n i t r i c a c i d i n t h e 
i n i t i a l m i x t u r e t o m:ake the c o n d i t i o n s more o x i d i s i n g . !Io s i g n i f i c a n t 
r e d u c t i o n i n d i s s o l u t i o n tim.e was observed, even f o r m i x t u r e s i n which 
th e i n i t i a l r a . t i o o f a c i d s had been r e v e r s e d . As the ar.ount o f n i t r i c 
a c i d v/as i n c r e a s e d excessive f r o t h i n g o c c u r r e d ?nd the m.ixture v/as 
blov.Ti i n t o the condenser, v/hich then becajr.e d i f f i c u l t t o v/ash p r i o r 
t o c o l l e c t i n g the c o a l s o l u t i o n q u a n t i t a t i v e l y . ^ l o r e o v e r , because o f 
the strenuous r e f l u x c o n d i t i o n s used the n i t r i c a c i d c o u l d not be d i s -
t i l l e d o f f (as i n 33 101b) w i t h o u t l o s s o f mercury a l s o . Consequently 
the s o l u t i o n s o b t a i n e d from m i x t u r e s c o n t a i n i n g l a r g e am^ounts o f n i t -
r i c a c i d v/ere o f t e n deep brov/n c o l o u r e d and i t was d i f f i c u l t t o t e l l 
when and i f d i g e s t i o n was complete. The concentra.tions o f n i t r i c and 
s u l p h u r i c a c i d s i n the f i n a l d i g e s t s were a p p r o x i m a t e l y 2.-2 . A f t e r 
s u b t r a c t i o n o f the a p p r o p r i a t e reagent blank the r e s u l t s o b t a i n e d 
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i n d i c a t e d t h a t s i g n a l s i z e and p r e c i s i o n were not s i g n i f i c a n t l y a f -
f e c t e d by the c o n c e n t r a t i o n o f e i t h e r n i t r i c o r s u l p h u r i c a c i d . 
The r e s u l t s o v e r a l l , hov.ever, were not encouraging. Recoveries o f 
mercury from l 6 3 2 a were i n v a r i a b l y low ( t y p i c a l l y 30-5Gf!-) , d i s -
s o l u t i o n t i m e s were l e r i g t h y and problemis o f i n c o m p l e t e d i g e s t i o n 
were encountered. 
3.3.1.2 SULPHURIC ACID AJJD HypROGET; PSHOXIDE 
Using the recommended temperature o f 80*^0 t h i s method i n v a r -
i a b l y produced i n c o m p l e t e d i g e s t i o n o f the c o a l , " e d i f y i n g the re a c -
t i o n c o n d i t i o n s by: i n c r e a s i n g the amount o f a c i d and/or hydrogen 
p e r o x i d e ; adding the c o a l as two 0.1 g p o r t i o n s ; h e a t i r ^ f o r prolonged 
p e r i o d s (up t o 3 h r s ) ; u s i n g prolonged h e a t i n g w i t h e l e v a t e d temper-
a t u r e s ( 1 5 0 ^ 0 ) , f a i l e d t o achieve complete d i g e s t i o n o f the c o a l . 
Both f i l t e r e d and u n f i l t e r e d s o l u t i o n s were analysed w i t h r e c o v e r i e s 
o f mercury fro m SK'i 1632a t y p i c a l l y 20-40'/^. The i n i t i a l r e a c t i o n 
c o n d i t i o n s were m o d i f i e d t o i n c l u d e n i t r i c a c i d (5 ml cone.) and the 
hydrogen p e r o x i d e was then added as b e f o r e . S i m i l a r r e s u l t s were 
o b t a i n e d and the m.ethod v/as deemed u n s a t i s f a c t o r y . 
3.3.1.3 I J I T R I C A C I D A:.'D POTASSIUI". DICHH0r:A?7; 
Using t h i s method the c o a l sam^ples underwent ver;/ subdued, r e l u c -
t a n t r e a c t i o n and no s i g n i f i c a n t d i s s o l u t i o n o c c u r r e d . I n one exper-
iment vhe m i x t u r e was cooled and potassium p e r c h l o r a t e s o l u t i o n 
(15 r . l ) v/as added as an a u x i l l i a r y o x i d i s i n g agent. A l t h o u g h the 
r e a c t i o n i n i t i a t e d on subsecuent h e a t i n r was n o t i c e a b l y more 
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v i g o r o u s , d i g e s t i o n o f the c o a l was s t i l l i n c omplete as evidenced by 
the l a r g e am.cunt o f c o a l r e m a i n i n g unreacted i n the f l a s k , 
3.3.1.4 PERCHICPTC ACID 
I t v;as f e l t t h a t the p o t e n t i a l e x p l o s i v e hazards a s s o c i a t e d v / i t h 
the use o f p e r c h l o r i c a c i d c o u l d be overcome by p r e t r e a t m e n t o f the 
co a l w i t h c o n c e n t r a t e d n i t r i c a c i d , i n o r d e r t o o x i d i s e the more r e a -
c t i v e o r g a n i c comiponents. P e r c h l o r i c a c i d o f tv/o d i f f e r e n t s t r e n g t h s 
(60 and 72fi '"/v) v/as used and i n each case in c o m p l e t e d i s s o l u t i o n o f 
the c o a l o c c u r r e d v/hen n i t r i c a c i d was i n c l u d e d i n the d i g e s t i o n p r o -
cedure. The same r e s u l t v/as o b t a i n e d v/hen 6055 p e r c h l o r i c a c i d v/as 
used v/ithout n i t r i c a c i d . Hov/ever, v/hen 72?S p e r c h l o r i c a c i d v/as used 
v/ithout n i t r i c a c i d p r e t r e a t m e n t , r a p i d and com.plete d i s s o l u t i o n o f 
the c o a l v/as observed. Using the s t a t e d q u a n t i t i e s the m.ixture v/as 
heated g e n t l y w i t h a Bunsen burner u n t i l , t h e r e a c t i o n became v i g o r -
ous and s e l f - s u s t a i n i n g . (lC-15 m i n s ) . H e a t i n g was r e a p p l i e d a f t e r 
e f f e r v e s c e n c e had subsided and complete d i s s o l u t i o n was achieved a f t e r 
a t o t a l r e a c t i o n tim.e o f about 30 mins. 
Recoveries o f mercury from SPJu l 6 3 2 a . hov/ever, were low, i n the rarige 
20'30Jl-, but v/ere g r e a t e s t f o r samples i n v/hich the c o a l had been 
f u l l y d i g e s t e d . ?or these l a t t e r samples the l o s s e s were presumed t o 
be due t o v o l a t i l i s a t i o n o f the m.ercury a t the e l e v a t e d t e m - e r a t u r e s 
r e q u i r e d t o r e f l u x c o n c e n t r a t e d p e r c h l o r i c a c i d ( a p p r o x i m a t e l y 21C^C). 
Bxperim:ents i n w-hich l o w e r tem^peratures were used f a i l e d t o d i g e s t 
the c oal w h i l s t o t h e r s , i n which excess potassium i o d i d e was added t o 
the m i x t u r e i n o r d e r t:^ prevent losse?: o f - e r c u r y t h r o u g h f o r m a t i o n 
o f t h e r e l a t i v e l y i n v o l a t i l e 'f'e^^ ^ complex i o n , v/ere a l s o 
u n s u c c e s s f u l . 
- 7C _ 
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I.'ercury i s thought t o e x i s t i n co a l p r e d o m i n a j i t l y as the s u l p h i d e , 
v;hich i s a p p r e c i a b l y s o l u b l e i n aqua r e g i a ( h y d r o c h l o r i c a c i d / n i t r i c 
a c i d , 4:1). Thus a t t e m p t s were made t o l e a c h the mercui^- from the 
co a l m a t r i x w i t h o u t c o m p l e t e l y d i s s o l v i n g t h e c o a l . 
The m i x t u r e d e s c r i b e d v/as heated g e n t l y ( 8 0 - 1 0 0 ° C ) f o r a p p r o x i m a t e l y 
3 0 mins. Potassium dichromate v/as i n c l u d e d i n the n i t r i c a c i d ( 0 . 0 3 ^ 
'Vv) f o r tv/o reasons, f i r s t l y t o r e t a i n the evolved mercury (as v / i t h 
the s t a n d a r d s o l u t i o n s ) , and secondly t o o x i d i s e any o r g a n i c m a t e r i a l s 
v/hich may have i n t e r f e r e d i n the a t o m i c f l u o r e s c e n c e d e t e c t i o n o f mer-
c u i ^ . 3 o t h f i l t e r e d and u n f i l t e r e d s o l u t i o n s were analysed but lov/ 
r e c o v e r i e s o f mercury v;ere o b t a i n e d ( l e s s t h a n 2 0 ^ ) even v/hen p r o l -
onged h e a t i n g (up t o SO mins) and/or e l e v a t e d tem.peratures (up t o 
1 5 0 ° C ) v;ere used. 
These reagents were then used i n experiments v / i t h a PT?E l i n e d d i g e s -
t i o n bomb. The method employed was t y p i c a l o f those u s i n g such bombs 
i n t h a t carbonaceous m a t e r i a l ".vas d e s t r o y e d u s i n g h y d r o c h l o r i c a c i d / 
fumiin^ n i t r i c a c i d and s i l i c e o u s m a t e r i a l u s i n g h y d r o f l u o r i c a c i d , the 
use o f v/hich i n t r o d u c e d the f o l l o v / i n g drav/backs: strenuous s a f e t y 
p r e c a u t i o n s , sometimes very time consuming, v/ere r e q u i r e d due t o the 
extremely c o r r o s i v e n a t u r e o f h y d r o f l u o r i c a c i d ; s a t u r a t e d b o r i c a c i d 
s o l u t i o n v/as r e q u i r e d t o n e u t r a l i z e excess h y d r o f l u o r i c a c i d , t h e r e b y 
f u r t h e r d i l u t i n g the sample s o l u t i o n and p o s s i b l y i n c r e a s i n g reagent 
c o n t a m i n a t i o n ; s p e c i a l h i g h d e n s i t y PT?E bomb l i n e r s were r e q u i r e d t o 
minimise a c i d m i g r a t i o n w hich might o t h e r w i s e have r e s u l t e d i n raercury 
l o s s e s o r damage t o the bomb; p o l y p r o p y l e n e o r PT?E v o l u m e t r i c 
- SO 
v e s s e l s were r e q u i r e d . 
The r e s u l t s o b t a i n e d v ; i t h the bomb were not encouraging. Sample 
throughput times were t y p i c a l l y f o u r t o f i v e hours and the method 
seemed l i m i t e d by the need t o use s m a l l samples (0,5 g) o r l e s s , 
p r o d u c i n g sample c o n c e n t r a t i o n s o f If- "/v o r l e s s . Even a f t e r p r o -
longed c o o l i n g copious volumes o f o x i d e s o f n i t r o g e n were r e l e a s e d 
upon opening the bomb. P r o t h i n g and leakage o f the c o n t e n t s a l s o 
o c c u r r e d , l e a d i n g t o l o s s e s o f mercury. 
C l e a r l y these approaches t o sample d i g e s t i o n were u n s a t i s f a c t o r y and 
t h e r e seemed no sim:ple v/ay t o overcome these shortcomings. Thus i t 
was decided t o t r y t o e x p l o i t , r a t h e r than combat, the v o l a t i l i t y o f 
mercury, and t o d i s t i l t h e mercury from the c o a l f o l l o w e d by c o l l e c -
t i o n i n a s u i t a b l e c o l l e c t i n g m.edium. 
3.3.3 DISTII-LATIOs 0? MERCUKT 
Th i s method was found t o be u n s u i t a b l e s i n c e gaseous decompos-
i t i o n products, evolved d u r i n g the r e a c t i o n , were c a r r i e d over w i t h the 
mercury. The potassium perm.anganate was reduced t o m.anganese d i o x i d e 
which tended t o p l a t e out on the g l a s s w a r e , t h e r e b y d e c r e a s i n g the 
a b i l i t y o f the s o l u t i o n t o absorb mercury and causing lov/ r e c o v e r i e s . 
because o f the p o t e n t i a l s a f e t y hazards i n v o l v e d i n u s i n g p e r c h l o r i c 
a c i d w i t h o u t r e f l u x (when d e h y d r a t i o n and fuming may o c c u r ) , d i s t i l -
l a t i o n u s i n g t h i s a c i d v/as not a t t e m p t e d . C t h e r a c i d m i x t u r e s were 
not used i n d i s t i l l a t i o n experim.ents since the probiem.s o f incom.plete 
d i g e s t i o n encountered p r e v i o u s l y were exr-ected t o prevent r e l e a s e o f 
.T.ercury f r o " the c o a i . 
I t v/as decided therefore to i n v e s t i g a t e non-oxidatlve p y r o l y s i s ar.d 
oxidative combustion as -iethods ox r e l e a s i n g mercur:'- frorr^ c o a l . 
3.3.4 ::GI;-OXIDA?I^/S ?y?CLY3i3 
R e p l i c a t e sa.T.,:iles of a base coal were pyrolysed at 300*^0 i n a 
stream of nitrogen (scrubbed by passing through a s j . a l l volu.T:e of 
c o l l e c t i n g s o l u t i o n ) and the evolved mercury c o l l e c t e d i n each of a 
s e r i e s of s o l u t i o n s containino potassium dichro.-ate i n n i t r i c a c i d . 
The a c i d strengths were 1.6, 5.0 and 16 I.'. Each a c i d s o l u t i o n v/as 
used to n-:ake four s o l u t i o n s containing 0.03, 0.3, 3.0 and 5.Or- "Vv 
potassium dlchromate. I n sorrie cases (strong a c i d and/or high potas-
siurfi dichron:ate concentrations) i t was d i f f i c u l t to d i s s o l v e the pota-
ss iuHi dichiTorr.ate v;ithout prolonged irrjnersion i n an u l t r a s o n i c bath. 
The . r e s u l t s v/ere compared (Table 6 ) to determine v/hich s o l u t i o n v/as 
•"ost e f f i c i e n t f o r c o l l e c t i o n of the Tnercnry. A reagent blank has 
been subtracted i n each case. 
The r e s u l t s are g e n e r a l l y i n c o n c l u s i v e though high a c i d concentrations 
appear to be f a v o u r e d . ? o u r samples of SRT.: l532a v/ere pyrolysed and 
the evolved .Tiercury absorbed i n the f o u r strong a c i d s o l u t i o n s of 
potassiu.T; dichromate. The apparent r e c o v e r i e s obtained for the 0.03, 
G.3, 3.0 and 5.0^:'. V v s o l u t i o n s v;ere ca 200, 180, 300 and 230^- r e s -
p e c t i v e l y . The reasons for these high r e c o v e r i e s v.'ere no' i.vjnediately 
apparent though s e v e r a l p o s s i b l e causes '-vere i d e n t i f i e d , which v/ere: 
( i ) the p y r o l y s i s boats contained varying amounts of r.ercury; 
( i i ) rr.ercury ccntarr.ination of the n i t r i c a c i d and/or potassium 
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Table 6. F l u o r e s c e n c e s i g n a l as a f u n c t i o n of n i t r i c a c i d and 
potassium dichromate c o n c e n t r a t i o n s 
Potassium dichromate 
c o n c e n t r a t i o n , % m/v 
a c i d m o l a r i t y 
1.6 5.0 16 
F l u o r e s c e n c e s i g n a l / a r b i t r a r y u n i t s 
0.03 2051 1417 4554 
0.30 1774 2659 4260 
3.0 5503 3113 5767 
5.0 3457 2826 5691 
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dichromate; 
( i i i ) the highly a c i d i c potassiur. dichronate s o l u t i o n s -.vere l e a c h -
ing .-ercury fron the glassware used; 
( i v ) mercury i n the purge ffas v/as not e f f e c t i v e l y removed by the 
scrubber; 
(v) organic p y r o l y s i s products not oxidised by the potassium 
dichro.Tiate s o l u t i o n v/ere undergoing broad band molecular 
fluorescence at and around the a n a l y t i c a l l i r . e . 
I n order to eliminate each of these e f f e c t s the follov/ing steps were 
taken: 
( i ) the p y r o l y s i s boats were heated to lOOO^C i n a .T:uffle furnace 
supplied v/ith a s r : a l l flov/ of nitrogen, (the boats were then 
stored i n concentrated n i t r i c a c i d i n a closed c o n t a i n e r ) ; 
( i i ) the potassium dichromate was heated to 420*^C (melting point 
398^C) under a stream of nitrogen i n a T:uffle furnace and 
s t i r r e d to remove any mercury (the cleaned potassiu.T: d i c h r o -
rr.ate and n i t r i c a cid s o l u t i o n s were analysed f o r mercury con-
tent which v/as found to be l e s s than 0.3 ng.ml'" for both 
s o l u t i o n s ) . 
( i i i ) the glassv/are used v/as cleaned and stored i n concentrated 
n i t r i c acid, i n a closed container; 
( i v ) a s o l u t i o n of potassium permanganate i n d i l u t e s u l p h u r i c 
a c i d was used to scrub the purge gas; 
(v) the fluorescence spectrum was scar^ned i n the region 240-263 nm 
while pumpirig f i r s t standard s o l u t i o n and secondly sample solU' 
t i o n . :;o s i g n i f i c a n t d i f f e r e n c e s in the l i n e p r o f i l e s were 
observed i n d i c a t i n g the absence of broad band molecular 
f luorescer.ce. 
A f t e r taking a l l the above precautions r e c o v e r i e s ox" -ercury from 
SR;,' 1632a v.ere s t i l l high, t y p i c a l l y l2C-2C0f'. I n viev; of the f a i l u r e 
to i d e n t i f y the reasons f o r these high r e c o v e r i e s the potassiuin d i c h r -
omate s o l u t i o n v/as r e j e c t e d . The b a s i c n y r o l y s i s procedure was r e -
tained but potassium permanganate s o l u t i o n (1^- 'Vv i n s u l p h u r i c a c i d , 
1 i.i) .was used as the purge gas scrubber and -ercury c o l l e c t i n g s o l u -
t i o n . The problens encountered i n d i s t i l l a t i o n experi-.ents u s i n g t h i s 
s o l u t i o n v;ere again apparent. Organic p y r o l y s i s products reduced the 
potassium permanganate to Tianganese dioxide which plated out on the 
glass'.vare thereby decreasing the a b i l i t y of the s o l u t i o n to absorb 
ir.ercury, causing low r e c o v e r i e s . Sorr.e experiments were perfor:r.ed i n 
v/hich the coal v/as combusted by using a i r as the purge gas. There v.-as 
evidence of over rapid combustion causing • sputtering of coal from the 
s i l i c a boat and sudden discharges of gaseous products through the 
c o l l e c t i n g s o l u t i o n . These e f f e c t s combined to y i e l d lo'-v r e c o v e r i e s 
of -ercury. I n an attempt to control the rate of combustion the o; :rge 
gas flow r a t e was reduced from 300 to 100 ml.min"". The heating r a t e , 
v/hich v;as slow anyway, v/as maintained at 20°C min"". -io s i g n i f i c a n t 
i n c r e a s e i n recovery of mercury '.vas observed. 
The problem of l o w r e c o v e r i e s v/as p a r t i a l l y overcome by r e t u r n i n g to 
nitrogen as the purge gas, i n c r e a s i n g the concentration of potassium 
permanganate (from If'- to 5f- '"/v) and adding concentrated n i t r i c a c i d 
to the c o l l e c t i n g s o l u t i o n m.aking i t both r^ore o x i d i s i n g and more 
a c i d i c . Using t h i s meTihod r e c o v e r i e s of mercury '-yere approximately 
?4\!- 01 the c e r t i f i e d f i g u r e . V/hen the c o l l e c t i r ^ s o l u t i o n v.'a« placed 
i n 2 bu>/r;lers i n s e r i e s , containing 20 ml and. 3 ml r e s p e c t i v e l y , 
r a a n t i t a t i v e i^ecoveries of m.ercury v/ere obtained. The method was also 
applied to the determination of mercury i n other coal and ash samples 
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having independently deternined :.:ercury l e v e l s . The r e s u l t s f o r 
3R.V l 6 j 2 a and the other sa.7iple3 are £iven i n Table 7. 
3.4 CCNCLUSIOI; 
The determination of - e r c u i y i n coal has posed s e v e r a l funda-
rr.ental a n a l y t i c a l problems i n terms of the i n t r a c t a b i l i t y of the mat-
r i x , the v o l a t i l i t y of mercury and the low l e v e l s t y p i c a l l y present 
i n c o a l . V/hile i n s t r u - e n t a l technicues, i n v;hich p r i o r destruction., 
of the matrix v.-as avoided, have been reported, the consensus of opin-
ion has favoured i s o l a t i o n and c o l l e c t i o n of the mercury p r i o r to 
a n a l y s i s . I n the v/orlc described the e f f i c i e n c y of a nuzr.ber of wet 
che:nical d i g e s t i o n mixtures h^s been evaluated and compared v/ith the 
performance of systems i n which thermal r e l e a s e of the mercury v.'as 
follov/ed by c o l l e c t i o n i n a s u i t a b l e absorbing r::edium. 
I n general the r e s u l t s obtained f o r the various a c i d mixtures used 
are disappointing. Except when using concentrated p e r c h l o r i c a c i d 
complete, reproducible d i s s o l u t i o n of the coal i s not r e a d i l y ach-
ieved. V.'hen d i s s o l u t i o n does occur the r e a c t i o n times are u s u a l l y 
i n excess of three hours (30 min. f o r p e r c h l o r i c a c i d ) and elevated 
temperatures ( 2CC°C) necessary. Lov; mercury r e c o v e r i e s are i n v a r -
i a b l y obtained, i n d i c a t i n g that mercury i s l o s t during d i g e s t i o n , 
presumably through v o l a t i l i s a t i o n . P o s s i b l y t h i s i s because some of 
the r.ercurj i s present as the sulphide v;hich r e a d i l y o x i d i s e s and 
decomposes to elemental mercury and even strenuous r e f l u x appears 
unable to r e t a i n the mercury lorm.ed i n such hot, o x i d i s i n g conditions 
The a d d i t i o n of potassium, dichrcmate to ensure the presence of Hg 
i n s o l u t i o n (and to a s s i s t oxidation of the m?.trix) f a l l s to prevent 
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TABLE 7 
R e s u l t s of Mercury Decerminacions on V a r i o u s C o a l and Ash Samples 
C o a l Me r c u ry fou nc/ 
ng g"^ 




MBS SRM l&32a 134.1^ 130 ± 30^ AAS and MAA 
NCB A 140 <400 NAA 
NCB B 175 <500 NAA 





BCRA Ash 202 195 CVAFS 
a. Mean of nine r e p l i c a t e c o a l samples with each of these s o l u t i o n s 
a n a l y s e d nine times. Standard d e v i a t i o n 3.1 ng g r e l a t i v e 
s t a n d a r d d e v i a t i o n 2.7%. 
b. C e r t i f i c a t e v a l u e . 
AAS = Atomic a b s o r p t i o n spectrometry 
NAA = Neutron a c t i v a t i o n a n a l y s i s 
CVAFS = Cold vaoour atomic f l u o r e s c e n c e soeccrometrv 
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v o l a t i l i s a t i o n l o s s e s . S i m i l a r l y adding excess potassium iodide 
|2-f a i l s to r e t a i n mercury as the '"*-6-^  ~ complex i on. 
Had one or more of the d i s s o l u t i o n methods proved s a t i s f a c t o r y , typ-
i c a l coal sample s o l u t i o n concentrations v/ere l i k e l y to have been i n 
the range 0,5-2fa ^ /v (0.6-2,6 r ^ . n l ~ ~ mercury). The deterriination o: 
such low l e v e l s of mercury i s , however, w e l l w i t h i n the scope of the 
detection system described ( t y p i c a l l y 10^ R.S.D. at 0.4 n^.ml"*). 
Since none of the experiments i n v o l v i n g d i r e c t d i s s o l u t i o n and l e a c h -
i .Tg of the coal s a t i s f i e s the requirements f o r a s u i t a b l e method an 
a l t e r n a t i v e approach i s required and one i n which the volatility/" of 
mercury can s u c c e s s f u l l y be exploited appears a t t r a c t i v e . 
The problems of the r e a c t i ' / i t y of the sample decomposition products 
experienced i n d i s t i l l a t i o n experiments are aggravated i n attempts to 
pyrolyse c o a l , s ince p y r o l y s i s produces more smoke, v o l a t i l e organic 
vapours and sulphur dioxide than does d i s t i l l a t i o n of mercury from 
s o l u t i o n . The low r e c o v e r i e s of mercury observed v;hen coal i s com-
busted may be due to adsorption of mercury on carbonaceous matter 
deposited on the v/alls of the tube follov/ing over-rapid b u r n i r ^ of the 
sample. Although the success of subsequent p y r o l y s i s experiments i s 
due p r i m a r i l y to the modifications made to the c o l l e c t i n g s o l u t i o n , 
the use of two c o l l e c t i n g v e s s e l s i n s e r i e s and a heating tape to pre-
vent condensation i n the side arm both a s s i s t e d i n ensuring q u a n t i t a -
t i v e c o l l e c t i o n of the mercury. Depletion of the a v a i l a b l e potassium 
permanganate i s a l l e v a i t e d by i n c r e a s i n g the concentration 5-fold, 
while adding n i t r i c a c i d to the s o l u t i o n a s s i s t s i n o x i d i s i n g some 
components of the smoke which m;ay otherv/ise r e a c t v;ith the potassium 
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perm.anganate. The c o l l e c t i n g s o l u t i o n described g i v e s c u a n t i t a t i v e 
r e c o v e r i e s of m;ercury f o r the only coal a v a i l a b l e having a c e r t i f i e d 
m:ercury value. Gocd agreement v/ith the independent a n a l y s i s of ether 
coals -.vas a l s o obtained and the s o l u t i o n i s expected to be s u f f i c i -
e n t ly o x i d i 3 i r . g f o r a rar-ge of coal types, e.g. sub-bituminous and 
brown c o a l s . 
The use of the argon-sheathed atom c e l l and cold-vapour atom.ic f l u o r -
escence spectrometry, together v/ith the reproducible p y r o l y s i s condi-
t i o n s and the continuous flow system, provides m.ore than adequate 
p r e c i s i o n f o r coal a n a l y s i s (2.7?J r e l a t i v e ) ; t h i s i s e s p e c i a l l y so 
when the inherent sampling problems of coal are considered. The la r g e 
l i n e a r v;orking-rance for mercury i n coal (5 ng g""^  to 25yJg g""^) , with 
a det e c t i o n l i m i t of 1.13 ng g"" using a 2g sample, could be even 
f u r t h e r improved by varying the sam.ple s i z e taken or the amount of 
c o l l e c t i n g s o l u t i o n . 
A n a l y s i s tim.e i s prese n t l y 2 to 3 mdnutes per s o l u t i o n , but the tim.e 
consuming step i n v o l v e s the slow heating and coolirig r a t e s of the 
furnace a v a i l a b l e . A sm.aller, miore v e r s a t i l e furnace with m;ore rapid 
heating and cooling r a t e s should riarkedly reduce the o v e r a l l ana.lysis 
time of approximately 1'- hours per sam.ple. T h i s would m:ake the method 
even m:ore s u i t e d to the routine determination of mercury i n coal and 
f l y ash, v.'ith i t s probable extension to coal t a r and r e l a t e d T i a t e r i a l s , 
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Chapter 4. DE?2:R."TITATIQ:: 0 ? ARSSniC PZtD s^L^::Tx^.: ^ ATo:ac 
A3S0R?TiGi: ;J;D ATOI:IC ?I-UO?£SC3I-:CE s?5CTHo:3THy USING CO-I'TINUOUS 
HYg:?iDS Gz:rspj^.Tio:t' 
4.1 i:iTRoDucTio:: 
As with mercury the l a s t 13 y e a r s has witnessed a much-increased 
i n t e r e s t i n the determination of low l e v e l s of a r s e n i c and selenium 
i n a v a r i e t y of samples. T r a d i t i o n a l l y , routine determinations of 
a r s e n i c have been performed using v a r i a t i o n s of the method f i r s t 
reported by G u t z e i t (121) i n 1879. I n t h i s method a r s e n i c was deter-
mined by v o l a t i l i z i n g the element as a r s i n e (AsH^) and comparing the 
c o l o u r a t i o n formed upon d i s c s of dry paper impregnated with mercury 
( I I ) c h l o r i d e v.i.th that obtained using knov/n am.ounts of a r s e n i c . 
The method l a c k s p r e c i s i o n and i t i s doubtful v/hether the accuracy 
exceeds 10^ ' of the true value. On the whole, spectrophotometric pro-
cedures based on molybdenum, blue (100) or s i l v e r diethylthiocarbamate 
(122) have proved superior. Both possess good s e n s i t i v i t y and pre-
c i s i o n , but e x h i b i t poor s e l e c t i v i t y and are prone to i n t e r f e r e n c e s . 
Selenium, has been determ.ined spectrophotometrically by f l u o r i m e t r i c 
methods using 3 . 3*-diaminobenzene (123) and 2,3 dia-minonapthalene 
(D.yr) (124, 125). The use of DA2I, however, has c e r t a i n disadvan-
tages i n c l u d i n g the need to p u r i f y the reagent and to perform the 
a n a l y s i s promptly due to the unstable nature of the p i a z s e l e n o l 
complex, furthermore, D.^r i s chemically r e l a t e d to highly c a r c i n o -
genic compounds. Seleniam continues to be determined c o l o u r i m e t r i -
c a l l y usirig dithizone (126). 
Because of the l i m i t a t i o n s mentioned these methods have l a r g e l y been 
superseded, p a r t l y by instrumental techniques (e.g. spark-source 
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niass spectrometry ( 2 ) , X-ray fluorescence ( 9 4 ) and neutron a c t i v a -
t i o n a n a l y s i s ( 1 2 7 ) - see s e c t i o n 5 . 1 ) , but more frequently by atomic 
spectroscopic methods (see below), which g e n e r a l l y o f f e r g r e a t e r 
freedom from i n t e r f e r e n c e s and improved s e n s i t i v i t y . 
4.2 D5T3R;,!INATI0N OP ARSBT?IC AI'iD S5L5NIUM USBJG ATOMIC SP5CTR0-
SCOPIC TSCrajIQUES. 
Of the atomic spectroscopic techniques a v a i l a b l e hydride gener-
ation/atomic absorption i s the most widely used. I n t h i s method the 
sample i s mixed with a s u i t a b l e reductant a f t e r which the gaseous 
covalent hydride i s purged from s o l u t i o n by a stream of gas and 
d e l i v e r e d to the atom c e l l . The advantages of t h i s method include 
q u a n t i t a t i v e t r a n s f e r of the analyte to the atom c e l l and s e p a r a t i o n 
of the analyte from the matrix which reduces chemical i n t e r f e r e n c e s . 
Godden and Thomerson ( 1 2 8 ) have reviev/ed the wide v a r i e t y of app-
roaches reported f o r the determination of s e v e r a l metalloid elements 
by hydride generation/atomic spectrometry. C o n f l i c t i n g opinions 
(129, 1 3 0 ) e x i s t regarding the s e l e c t i v i t y and e f f i c i e n c y of the 
various reductants used. L'any authors ( 1 2 9 , 131, 1 3 2 ) have p r e f e r -
red sodium tetrahydroborate ( I I I ) s o l u t i o n . Others have used mix-
tures of titanium ( I I I ) chloride/magnesium powder ( 1 3 3 ) and potas-
sium i o d i d e / s i n c p o v / d e r / t i n ( I I ) c h l o r i d e ( 1 3 0 , 134, 1 3 5 ) . 
Advantages claimed f o r sodium tetrahydroborate ( I I I ) are speed of 
hydride evolution, s i m p l i c i t y , higher conversion e f f i c i e n c y , lov^er 
blank l e v e l s and the co-evolution of hydrogen v/hich helps to purge 
the hydrides. I n t e r f e r e n c e s from reducing mixtures containing -tin 
( I I ) ions have been reported ( 1 3 6 ) , C o l l e c t i o n d e v i c e s , p a r t i c u l a r l y 
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balloons (129, 137), f o r s t o r i n g the hydrides p r i o r to t r a n s f e r to 
the atom c e l l proved advantageous v/hen the a n a l y t i c a l s i g n a l was 
measured by peak height methods and slower reductants, e.g. z i n c , 
were used. Most recent systems (25, 138) have excluded c o l l e c t i n g 
devices by sweeping the hydrides d i r e c t l y to the atom c e l l . Methods 
inv o l v i n g i n j e c t i o n s of d i s c r e t e samples were i n i t i a l l y reported but, 
while sample may be conserved i n t h i s way, such systems prove t e d i -
ous v/hen l a r g e numbers of samples are to be analysed. S e v e r a l work-
ers have reported automated systems f o r the generation of a r s i n e and 
hydrogen selenide i n which the reductant and sample were pumped to a 
reduction c e l l (27, 28, 29, 139, 140, 141) p r i o r to atorai'c absorption 
spectrometry. The merits claimed f o r these systems are speed i n 
a n a l y s i s , improved p r e c i s i o n and g r e a t e r freedom from i n t e r f e r e n c e s 
(29) compared to manual i n j e c t i o n . 
Flames and tubes ( e i t h e r flame (19, 138) or e l e c t r i c a l l y heated (25, 
142, 143)) have been used to generate free atoms from the gaseous 
hydrides. The high absorbance of the ai r / a c e t y l e n e . f l a m e (144) at 
the a r s e n i c and selenium resonance l i n e s (193-7 and 196.0 nm r e s -
p e c t i v e l y ) r e s u l t s i n poor s i g n a l to noise. I n contrast the argon or 
nitrogen/hydrogen/entrained a i r d i f f u s i o n flames are markedly more 
transparent at these wavelengths and have found many a p p l i c a t i o n s 
(129, 130, 145). The problems of compound formation i n t e r f e r e n c e s 
sometimes encountered using these cool flames are l a r g e l y overcome 
when gaseous samples of covalent hydrides are introduced d i r e c t l y 
into the flame. Many authors have reported using heated quartz 
tubes as the atom c e l l , which improved s e n s i t i v i t y by eliminatirig 
flame absorption and i n c r e a s i n g residence times. Graphite tube 
atomisers have a l s o been used (29) though i n t e r f e r e n c e ^ e f f e c t s are 
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apparently more pronounced. 
V/hen inc r e a s e d s e n s i t i v i t y i s required t h i s may be achieved using 
hydride generation followed by atomic fluorescence spectrometry. 
Both d i s p e r s i v e (146) and non-dispersive (147, 148) systems have 
been used to determine a r s e n i c and selenium and impressive d e t e c t i o n 
l i m i t s are quoted. The use of a m i n i a t u r i s e d argon/hydrogen flame 
has also been described (149). 
Atomic emission spectrometry using the i n d u c t i v e l y coupled plasma 
has also been used to determine a r s e n i c (150) and selenium (151)-
The a n a l y t e s are introduced as the hydrides and advantages analogous 
to those obtained when using atomic absorption spectrometry are 
gained. Of the a l t e r n a t i v e atomic s p e c t r o s c o p i c techniques a v a i l a b l e 
f o r the determination of a r s e n i c and selenium electrothermal atomic 
absorption spectrometry i s c u r r e n t l y the most widely used. The popul 
a r i t y of t h i s technique f o r these elements stems from the f a c t that 
the use of flames i s avoided and the problems of low s i g n a l to back-
ground at the a n a l y t i c a l l i n e s of i n t e r e s t are reduced. However, 
s c a t t e r i n g of source r a d i a t i o n by p a r t i c u l a t e matter i n the furnace 
tube i s more severe at these short wavelengths and f o r many matrices 
high and v a r i a b l e matrix.absorption i s unavoidable. Consequently 
background c o r r e c t i o n i s highly d e s i r a b l e . Methods i n which the 
sample i s i n j e c t e d i n t o the furnace manually can prove tedious and 
pa r t - or fully-automated systems, which g e n e r a l l y o f f e r improved 
p r e c i s i o n are more widely reported. Nevertheless the methods can be 
time-consuming (5-10 minutes f o r 5 r e p l i c a t e s per s o l u t i o n ) e s p e c i -
a l l y when p r i o r a d d i t i o n of matrix modification agents i s necessary 
to prevent l o s s e s of v o l a t i l e elements such as a r s e n i c and selenium, 
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I n a d d i t i o n , sample preparation and control of experimental condi-
tions r e q u i r e s c a r e f u l a t t e n t i o n i f reproducible r e s u l t s are to be 
obtained. Despite these apparent l i m i t a t i o n s the in h e r e n t l y good 
s e n s i t i v i t y of the technique has been exploited to good e f f e c t by 
workers (152, 153, 154) determining a r s e n i c and selenium i n a 
v a r i e t y of matric e s . 
Our requirement was f o r a simple yet s e n s i t i v e hydride generation 
system s u i t a b l e f o r routine a n a l y t i c a l determinations. The continu-
ous flow system ( s e c t i o n 2-3.1. page 35), was r e t a i n e d was the b a s i s 
of the method and the hydride generation system developed by Thompson 
et a l (155) was modified f o r our purposes. Sodium tetrahydroborate 
( I I I ) s o l u t i o n was chosen as the reductant f o r the reasons o u t l i n e d 
above. Since flames represent a v/ell understood and simple to oper-
ate c l a s s of atom c e l l , a small argon/hydrogen/entrained a i r flame 
was adopted as being favourable f o r atomic fluorescence but a l s o 
a p p l i c a b l e to atomic absorption. Argon was chosen as the support gas 
because of i t s low fluorescence quenching c h a r a c t e r i s t i c s . 
4.3 EXPERII.1ENTAL 
4.3.1 EQUIPMENT 
The apparatus used f o r the determination of mercury was modified 
by adding a 28-turn auto-analyser mixing c o i l (2.5 mm i.d.) between 
the p e r i s t a l t i c pumps and the reduction c e l l . The two s o l u t i o n 
streams entered the c o i l v i a a **Y" shaped adaptor and t h i s premixing 
of the reductant and analyte s o l u t i o n s r e s u l t e d i n p a r t i a l generation 
of the- hydride p r i o r to entry into the reduction c e l l . The intimate 
mixture of spent s o l u t i o n plus hydride was r e l e a s e d into the top of 
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the reduction c e l l , which now functioned l a r g e l y as a g a s / l i q u i d 
separator, while a stream of argon, introduced v i a a c a p i l l a r y , was 
d i r e c t e d into the incoming mixture. T h i s arrangement promoted e f f i -
c i e n t s t r i p p i n g of the hydride from the spent s o l u t i o n which was 
taken to waste through the constant-head drainage tube. The hydride 
was then swept by the flow of argon to the base of the burner, v/here 
i t was mixed with a small flow of hydrogen p r i o r to decomposition i n 
the flame ( ? i g . 9 ) . 
The burner c o n s i s t e d of a b o r o s i l i c a t e g l a s s tube (8.5 mm i . d . , 100 
mm high) with inverted *'Y" side-arms (5 mm i . d . , 35 mjD long) to act 
as gas i n l e t s . T h i s was located v e r t i c a l l y i n the spectrometer, 
r e p l a c i n g the burner/nebuliser assembly, and at the f o c a l length of 
the entrance s l i t l e n s . 
Arsenic and selenium hollow cathode lamps were used as s p e c t r a l 
sources f o r atomic absorption measurements. The l i g h t beams were 
focussed on the atom-cell through a zoom l e n s l o c a t e d between the 
source and the burner. Atomic absorption measurements were then made 
i n the volume 0 - 10 ram above the burner using the spectrometer 
o p t i c a l system. Arsenic and selenium e l e c t r o d e l e s s discharge lamps 
were used as l i n e sources f o r atomic fluorescence measurements. 
These were arranged so that the volume 0 - 25 mm above the burner 
was i r r a d i a t e d , the fluorescence r a d i a t i o n passing through the 
entrance s l i t to the monochromator. Atomic fluorescence was e x c i t e d 
using f r o n t - f a c e i l l u m i n a t i o n with a s o u r c e / a t o m - c e l l / s l i t angle of 
45°. 
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Atomic absorption and atomic fluorescence were measured at 193.7 and 
196.0 nm f o r a r s e n i c and selenium r e s p e c t i v e l y . Por atomic f l u o r e s -
cence the spectrometer v/as operated i n the "emission" mode and a 
s p e c t r a l bandpass of 2.0 nm v/as used i n a l l work. The s t e a d y - s t a t e 
s i g n a l s obtained were sampled using the spectrometer i n t e g r a t o r . 
Instrumentation and operating conditions were given i n Table 8. 
4.3.2 REAGENTS 
Unless otherwise s t a t e d the reagents used were of a n a l y t i c a l 
grade. 
Sodium tetrahydroborate ( I I I ) s o l u t i o n . 
Prepared by d i s s o l v i n g sodium tetrahydroborate ( I I I ) (bisons 
S c i e n t i f i c Apparatus, Loughborough, L e i c e s t e r , 1 g G. P. R.) i n 
sodium hydroxide s o l u t i o n (100 ml, 0.1 M). S o l u t i o n s prepared t h i s 
way remained usable f o r 2 - 3 days. 
Arsenic and selenium standard s o l u t i o n s . 
A rsenic and selenium standard s o l u t i o n s were prepared by s e r i a l 
d i l u t i o n of stock s o l u t i o n s of 1000 ^ . m l ~ ^ (Hopkin and V/illiams, 
Chadwell, Heath, E s s e x ) . Working standards, t y p i c a l l y i n the range 
1 - 100 ng.ml~"^ v/ere prepared using the d i l u e n t s described below. 
Hydrochloric a c i d d i l u e n t s o l u t i o n s . 
A r s e n i c s o l u t i o n d i l u e n t was prepared by d i s s o l v i n g sodium 
iodide (10 g) i n h y d r o c h l o r i c a c i d (1 l i t r e , 5 M). Selenium s o l u t i o n 
d i l u e n t was prepared by d i s s o l v i n g sodium bromide (10 g) i n 
hy d r o c h l o r i c a c i d (1 l i t r e , 5 r.!) . 
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P i £ ^ Continuous flow system f o r the generation of gaseous hydrides 
A P e r i s t a l t i c pump, 2.5 ml.min"^ sodium tetrahydroborate ( I I I ) s o l u t i o n 
B, P e r i s t a l t i c pump, 7.0 ml.min~ sample or standard s o l u t i o n 
28 turn mixing c o i l . (2.5 sim i . d . ) 
G a s / l i q u i d separator 
Drain, to v;aste J 
Argon c a r r i e r gas i n l e t , 120 i 10 ml.min'-^ 
Hydrogen i n l e t , 180 - 10 ml.rain'-^ 
H. B o r o s i l i c a t e g l a s s tube burner 
I . Argon/hydrogen/entrained a i r flame atom c e l l 
H 
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T a b l e 8 
INSTRUMENTATION AND OPTIMUM OPERATING CONDITIONS 
Component 
E x c i t a t i o n Sources 
Atomic a b s o r p t i o n 
Atomic f l u o r e s c e n c e 
Microwave C a v i t y 
Model 
A r s e n i c and 
Selenium Hollow 
Cathode Lamps 
E l e c t r o d e l e s s 
d i s c h a r g e lamps 
B r o i d a h wave 
c a v i t y , 210L, 
powered by a 
Microtron. 200 
Mark I I I micro-
wave gener a t o r 
S u p p l i e r O p e r a t i n g C o n d i t i o n s 
S . J . J u n i p e r & Co As 4 mA; Se 4 mA 
Harlow, E s s e x 
As 37W; Se 64W 
E l e c t r o m e d i c a l 
S u p p l i e s 
Wantage 
Oxon 
P e r i s t a l t i c Pumps Schuco Minipumps Schuco S c i e n t i f i c Mark I I I , ( r e d u c t a n t l 
Mark I I I and H a l l i w i c k Court 2.5 mfc rain-^ 
Mark IV ^ P l a c e , Woodhouse 
Road, London. 
Mark IV (standard) 
7.0 mZ min~^ 
Spectrometer I L 151 In s t r u m e n t a t i o n 
L a b o r a t o r i e s 
Lexington, 
M.A., USA 
Spectrometer o p e r a t i n g c o n d i t i o n s 
F u n c t i o n aas 
As Se 
a f s 
As Se 
Mode 
P h o t o r a u l t i p l i e r v o l t a g e 
g a i n 
wavelength/nm 
band pass/nm 









4 x 4 





4 x 4 
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4,3.3 PROCEDUHES 
4.3-3.1 PRESERVATION 0? STANDARDS 
The arsenic ( I I I ) and selenium (IV) c a l i b r a t i o n standards were 
s t a b i l i s e d by d i l u t i o n w i t h the hydrochloric acid s o l u t i o n s o f 
sodium iodide and sodium bromide r e s p e c t i v e l y . When the s o l u t i o n s 
were stored i n b o r o s i l i c a t e glassware these d i l u e n t s prevented l o s s -
es of arsenic and selenium f o r several days at 100 ng.ml""^ and lower 
and several weeks at 500 ng.ml"*^ and higher. 
4.3.3.2 DETERL!INATION OP ARSENIC AND SELENIUIT 
Zero the instrument when pumping sodium tetrahydroborate ( I I I ) 
s o l u t i o n and hydrochloric acid s o l u t i o n s i n t o the g a s / l i q u i d separ-
a t o r . Replace the acid d i l u e n t w i t h the sample or standard s o l u t i o n . 
Using the spectrometer i n t e g r a t o r measure the atomic absorption or 
atomic fluorescence, of e i t h e r arsenic or selenium at the appropriate 
wavelength, once a steady state s i g n a l has been obtained (approxim-
a t e l y 45 seconds l a t e r ) . 
4.4 RESULTS AND DISCUSSION 
4.4.1 OPTIMISATION 0? THE SYSTET.l 
4.4.1.1 GAS FLOW RATES 
The optimum gas flow rates were i d e n t i f i e d by a simple f a c t o r i a l 
process. Hydrogen and argon flow r a t e s were examined i n the range 
0,05 to 1.2 l.min"^. The process was repeated at several d i f f e r e n t 
burner h e i g h t s , f o r both arsenic and selenium using atomic absorption 
and atomic fluorescence spectrometry. Typical r e s u l t s are shown i n 
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Pig. 10. The optimum flows were those causing l e a s t d i l u t i o n of the 
hydrides. V/hen using very low flows of hydrogen, 0.1 l.min""^ and 
le s s , pulsing from the p e r i s t a l t i c pumps caused the very small flame 
to f l u c t u a t e . Low flows of argon, 0.1 l.min"*^ and l e s s , purged the 
hydrides only slowly from the g a s / l i q u i d separator. Both e f f e c t s 
caused poor p r e c i s i o n . The gas flows producing the greatest signals 
w i t h acceptable p r e c i s i o n were 120 - 10 and 180 - 10 ml.min""^ of 
argon and hydrogen r e s p e c t i v e l y . 
4.4.1.2 CONTINUOUS FLOW SYSTEM 
Signal size was r e l a t i v e l y i n s e n s i t i v e to v a r i a t i o n s i n sodium 
tetrahydroborate ( I I I ) s o l u t i o n concentration and f l o w - r a t e . The sig-
nal increased l i n e a r l y w i t h the f l o w - r a t e of sample up to a maximum 
of 30 ml.min"^ above which i t became d i f f i c u l t to d r a i n the c e l l suf-
f i c i e n t l y r a p i d l y . Plow-rates of 2.5 ml.min""^ of sodium t e t r a h y d r o -
borate ( I I I ) s o l u t i o n and 7.0 ml.min"*^ of sample s o l u t i o n were chosen 
to minimise reagent and sample consumption, consistent w i t h accept-
able s i g n a l s i z e . 
4.4.1.3 SODIUM TETRAHYDROBORATE ( I I I ) AND HYDROCHLORIC ACID 
SOLUTION CONCENTRATIONS 
D i f f e r e n t concentrations of sodium tetrahydroborate ( I I I ) and 
hydrochloric acid s o l u t i o n s were i n v e s t i g a t e d i n the range 0.5 to 
w 
Afo /v and 1 M to 7 M r e s p e c t i v e l y . For arsenic l i t t l e v a r i a t i o n 
i n s i g n a l size w i t h pH was observed though f o r selenium an optimum 
hydrochloric acid concentration of 5 - 6 I.' acid was c l e a r l y iden-
t i f i e d . The reagent concentrations chosen were designed to minimise 
over vigorous r e a c t i o n while ensuring r a p i d and e f f i c i e n t generation 
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?±F~. 10 Optimisation of argon and hydrogen flow rates f o r the 
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ARGON PLOW RATE,T . -1 /I.mm 
of the hydrides. Since arsine i s produced equally r e a d i l y from 
As ( I I I ) and As (V) i n strongly a c i d i c s o l u t i o n (pH'<4) and selenium 
s e n s i t i v i t y i s enhanced i n strong acid; 5 M was chosen as the pre-
f e r r e d hydrochloric acid concentration, f o r which the optimum sodium 
w 
tetrahydroborate ( I I I ) s o l u t i o n was 1 % /v. Aqueous so l u t i o n s of 
sodium tetrahydroborate ( I I I ) were stable f o r only a few hours but 
t h i s problem was r e a d i l y overcome by preparing s o l u t i o n s i n d i l u t e 
sodium hydroxide s o l u t i o n (0,1 !/:)• 
4,4.1.4 BlTOiER DESIGN 
The very short path-length, 8.5 mm, though s u i t a b l e f o r atomic 
fluorescence spectrometry, could be considered less favourable f o r 
atomic absorption spectrometry than a long path-length burner. As 
a l l the sample reaches the atom c e l l the consideration should, how-
ever, be of residence time and e f f i c i e n c y of i r r a d i a t i o n . This 
design, the simplest possible c o n s t r u c t i o n , has been found to give 
very s a t i s f a c t o r y performance. I n f u r t h e r experiments the evolved 
hydrides were swept i n t o the expansion chambers of conventional 
air/acetylene and n i t r o u s oxide/acetylene burners. A f t e r a s i m i l a r 
o p t i m i s a t i o n of the gas flows the longer path lengths did produce 
somewhat l a r g e r absorption s i g n a l s . Signal to noise, however, was 
much reduced, more so f o r the air/acetylene burner than f o r the 
n i t r o u s oxide/acetylene burner and t h i s work was not continued. 
The optimum o p t i c a l arrangement f o r absorption was obtained by p l a -
cing the burner at the f o c a l l e n g t h of the entrance s l i t lens w i t h 
the top of the burner blocking the lower h a l f of the l i g h t beam 
from the hollow cathode lamp. The width of the l i g h t beam, at the 
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burner, was then set equal to the diameter of the burner using the 
spectrometer zoom lens. This corresponded closely to the o p t i c a l 
focus. 
4.4.1.5 OPTIMISATION 0? ATOMIC FLUORESCEI-ICE SIGNALS 
The volume 0 - 25 mm above the burner was i r r a d i a t e d , again 
using i l l u m i n a t i o n at 45° i n preference to the conventional 90° 
i l l u m i n a t i o n . I n t h i s arrangement the burner was located at the 
fo c a l l e n g t h of the entrance s l i t lens (instead of adjacent to i t ) 
and advantages s i m i l a r to those gained i n the determination of mer-
cury were observed, i . e . much lov/er l e v e l s of background r a d i a t i o n 
and specular r e f l e c t i o n reaching the monochromator, enabling greater 
signal a m p l i f i c a t i o n w i t h a minimal increase i n noise and also more 
e f f i c i e n t c o l l e c t i o n of the atomic fluorescence. 
V/hen the power to the electrodeless discharge lamps v/as varied the 
graphs obtained of i n t e g r a t e d fluorescence s i g n a l against forward 
microwave power were l i n e a r from 18 V/ (lowest a v a i l a b l e s e t t i n g ) up 
to 55 V/ and 67 -'/ f o r arsenic and selenium r e s p e c t i v e l y . The selenium 
s i g n a l v/as stable at high power, though above approximately 40 V/ the 
arsenic s i g n a l became very noisy. The pov/er s e t t i n g s y i e l d i n g con-
s i s t e n t l y acceptable s i g n a l to noise r a t i o s were approximately 37 V/ 
and 64 V/ f o r arsenic and selenium r e s p e c t i v e l y . 
4.4.1.6 DETECTION LIMITS AND LINEAR WORKING RANGES 
The f o l l o w i n g flow rates (ml.min""^) were used to determine 
arsenic and selenium using hydride generation/atomic absorption and 
atomic fluorescence spectrometry: 
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hydrogen 180 - 10 
argon 120 ^  10 
sodium tetr a h y d r o -
borate ( I I I ) 2.5 
sample or standard 7.0 
Using these conditions the d e t e c t i o n l i m i t s and l i n e a r working ranges 
shown i n Table 9 were obtained. A r e l a t i v e standard d e v i a t i o n of 
10% was taken as the lower l i m i t of the u s e f u l working range of the 
methods and the corresponding concentrations are also shown i n 
Table 9. 
4.5 CONCLUSION 
Because of i t s greater s e n s i t i v i t y , r e l a t i v e to conventional 
atomic absorption methods, hydride generation/atomic absorption has 
become the method of choice f o r the determination of hydride forming 
elements. The success of the technique i s due to a number of f a c t o r s 
a l l of which c o n t r i b u t e to the s e n s i t i v i t y a v a i l a b l e , 
V/hen a s u i t a b l e reductant i s used and e f f i c i e n t s t r i p p i n g of the 
evolved hydrides achieved, q u a n t i t a t i v e t r a n s f e r of the analyte, 
from s o l u t i o n to the atom c e l l i s possible. The analyte, now i n the 
form of a simple gaseous compound, i s r e a d i l y decomposed, a l l o w i n g 
the hydride to be introduced d i r e c t l y i n t o the flame. Thus undue 
d i l u t i o n of the analyte through i n e f f i c i e n t n e b u l i s a t i o n processes 
i s avoided and enhanced s e n s i t i v i t y r e s u l t s . When using a i r / a c e t y -
lene flames t r a d i t i o n a l atomic absorption methods f o r the determin-
a t i o n of arsenic and selenium s u f f e r from poor s e n s i t i v i t y due to 
absorption by the flame at the wavelengths of i n t e r e s t . Since the 
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TABLE 9 
DETECTIOM LIMITS AND WORKING RANGES FOR THE DETERMINATION OF ARSENIC 
AND SELENIUM 
Limits/ng m^, ^ 
Arsenic Selenium 
Atomic absorption spectrometry 
Limit of detection (2a) 0.8 0.5 
Linear c a l i b r a t i o n range 2,5 - ISO 1,5 - lOO 
Lower l i m i t of working range* 5.0 2.5 
Atomic fluorescence spectrometry 
Limit of detection (2a) 0.34 0.13 
Linear c a l i b r a t i o n range 1 . 0 - 5 0 1 , 0 - 5 0 
Lower l i m i t of working range* 2.0 l.O 
* The lower l i m i t of the working range i s taken to be the l e v e l at 
which the r e l a t i v e standard deviation has r i s e n to 10% 
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hydride i s e a s i l y decomposed once separated from the matrix, the 
air/acetylene flame can be avoided i n favour of a cooler, less lumin-
ous flame. Thus, hydrogen-based d i f f u s i o n flames have been exten-
s i v e l y used as atom c e l l s i n hydride generation/atomic absorption 
methods, mainly due to the low background and absorption character-
i s t i c s i n the s p e c t r a l region immediately above 190 nm. 
3y choosing an atom c e l l v/ith s u i t a b l e geometry t h i s type of flame 
i s w e l l s u i t e d f o r use w i t h atomic fluorescence spectrometry. Argon 
i s u s ually preferred to n i t r o g e n as the support gas because of i t s 
lower cross-section f o r quenching of atomic fluorescence. The r e l a -
t i v e l y low temperature also r e s u l t s i n reduced quenching and reduced 
thermal expansion w i t h minimal d i l u t i o n of the analyte atoms i n the 
atom c e l l . 
I n the work described each of the parameters expected to exert the 
greatest e f f e c t on s e n s i t i v i t y and p r e c i s i o n has been i n v e s t i g a t e d . 
The sodium tetrahydroborate ( I I I ) s o l u t i o n i s shovm to be a r a p i d 
and e f f i c i e n t reducing agent f o r the generation of arsenic ajid sele-
nium hydrides. Premixing of the s o l u t i o n streams p r i o r to t h e i r 
entry i n t o the g a s / l i q u i d separator promotes e f f i c i e n t r e d u c t i o n . 
The geometry of the burner and the optimum gas f l o w rates combine to 
generate a miniature flame which i s s u i t a b l e f o r both atomic absorp-
t i o n and atomic fluorescence measurements. The excellent s e n s i t i v i t y 
obtained using atomic absorption spectrometry w i t h such a short path-
length i s due to the way i n which the hydride i s introduced to the 
atom c e l l . Q u a n t i t a t i v e transport of the gaseous analyte to the 
atom c e l l i s r e a d i l y achieved using only a small flow of argon and 
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undue d i l u t i o n by flame gases i s avoided. The analyte atoms are 
contained i n a small volume (approximately 1 cm"^ ) which r e s u l t s i n 
e f f i c i e n t i r r a d i a t i o n , while the low gas flows promote increased 
residence times. Using longer path length burners f a i l e d to produce 
any increase i n s e n s i t i v i t y due to the high gas flow rates required 
to support the flame, which r e s u l t e d i n d i l u t i o n of the analyte and 
short t r a n s i t times through the atom c e l l . 
The apparatus, though extremely simple, o f f e r s competitive s e n s i t -
i v i t y using atomic absorption spectrometry. Atomic fluorescence 
spectrometry, d i s a p p o i n t i n g l y , gives only a small advantage i n 
d e t e c t a b i l i t y (a f a c t o r of approximately three) and no gain i n l i n e a r 
working range. Both of these problems are thought t o be due to the 
d i f f i c u l t i e s i n operating the sources i n a s u i t a b l y intense manner. 
Thermostatting of the sources could be expected (156) to extend the 
lower end of the fluorescence working reinges considerably. 
The inexpensive pumps allow continuous generation of the hydrides, 
thus improving p r e c i s i o n by e l i m i n a t i n g d i s c r e t e v a r i a b l e s , and 
accuracy, by unambiguously d e f i n i n g the background l e v e l . 3y using 
an autosampler the system could be f u l l y automated. 
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Chapter 3. DSTERI:iIITATION 0? ARSENIC A.M) SELENIUIr: IK COAL 
5.1 It-iTRODUCTION 
A number of reports has appeared on the determination of arsenic 
and selenium i n coal using a v a r i e t y of techniques f^ -.d approaches. 
Doth elements have been determined i n whole coal using spark-source 
mass spectrometry (157) ( s e m i q u a n t i t a t i v e l y , (2 ) ) and X-ray f l u o r e s -
cence (22, 94). Using the l a t t e r , poor accuracy, due to s p e c t r a l 
i n t e r f e r e n c e s , has been reported (22) though the use of s o p h i s t i c a t e d 
computing techniques has enabled some v/orkers (94) to overcome both 
s p e c t r a l and matrix i n t e r f e r e n c e s , p e r m i t t i n g c a l i b r a t i o n w i t h 
aqueous s o l u t i o n s . However, .careful preparation of the sample app-
ears necessary i n order to ensure the homogeneous p a r t i c l e size r e -
portedly d e s i r a b l e . Neutron a c t i v a t i o n methods (95, 97, 158, 159, 
160, I 6 l ) have also been applied to the analysis of whole coal sam-
ples. Several workers have reported good agreement between e x p e r i -
mentally obtained and c e r t i f i e d arsenic and selenium values when 
analysing standard coals. While lengthy sample pretreatment proced-
ures are avoided, problems of l i m i t e d s e n s i t i v i t y and poor p r e c i s i o n 
may be encountered when the concentration of arsenic or selenium i s 
very low, t y p i c a l l y 2 ^ g.g~^ or l e s s . I n a d d i t i o n most of the repor-
ted neutron a c t i v a t i o n methods require t h a t the a c t i v i t y of the sam-
ple be allov/ed to decay f o r lengthy periods, both f o r safety reasons 
and to reduce i n t e r f e r e n c e s , and t h i s may prove a major a n a l y t i c a l 
disadvantage. Arsenic and selenium have been determined i n low temp-
erature coal ash using spark source mass spectrometry ( l 6 2 ) and neu-
t r o n a c t i v a t i o n analysis (22). While the ash i s r e l a t i v e l y e a s i l y 
obtained the methods used f o r subsequent d i s s o l u t i o n of the ash, and 
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the c h e m i c a l t r e a t m e n t of the s o l u t i o n s o b t a i n e d , a p p e a r e x t r e m e l y 
t e d i o u s , f.'any w o r k e r s u s i n g n e u t r o n a c t i v a t i o n methods have p r e f e r r e d 
to d i s s o l v e ( 1 27, I 6 3 ) o r combust ( 9 6 ) the sample a f t e r i r r a d i a t i o n 
i n o r d e r to remove p o t e n t i a l i n t e r f e r e n c e s and to p r e c o n c e n t r a t e 
a r s e n i c and s e l e n i u m b e f o r e c o u n t i n g . 
? e a s a b i l i t y s t u d i e s ( I 6 4 ) have r e c e n t l y been performed u s i n g heavy-
i o n i n d u c e d *K', 'L* and 'M' X - r a y s to e x c i t e t r a c e metal s p e c t r a 
of c o a l and b i o l o g i c a l s a m p l e s . Whereas p r o t o n - i n d u c e d X - r a y e m i s -
s i o n methods a r e more v;idely r e p o r t e d , methods u s i n g heavj^-ion i n -
duced X - r a y s a r e a t t r a c t i n g i n t e r e s t bor:ause o f the g r e a t e r s e n s i t i -
v i t y a v a i l a b l e w i t h t h e s e h i g h e r energy X - r a y s . Although p o t e n t i a l l y 
c a p a b l e of s i m u l t a n e o u s m u l t i - e l e m e n t a n a l y s i s t h i s t e c h n i q u e a p p e a r s 
l i m i t e d by the complex s p e c t r a produced. 
The l o w e r v o l a t i l i t i e s o f a r s e n i c and s e l e n i u m r e l a t i v e to mercury 
have been e x p l o i t e d by s e v e r a l v/orkers who have r e p o r t e d methods o f 
sample d i s s o l u t i o n u s i n g o x i d i s i n g a c i d s a t e l e v a t e d t e m p e r a t u r e s . 
V a r i o u s g e o l o g i c a l samples ( r o c k s , s o i l s o r s e d i m e n t s ) were d i g e s t e d 
u s i n g m i x t u r e s of a c u a r e g i a ( 1 6 5 ) , n i t r i c a c i d / p e r c h l o r i c a c i d ( 1 4 7 ) , 
n i t r i c a c i d / p e r c h l o r i c a c i d / h y d r o c h l o r i c a c i d ( I 6 6 ) , and n i t r i c a c i d / 
p e r c h l o r i c a c i d / h y d r o f l u o r i c a c i d / p o t a s s i u m permanganate/potassium 
p e r s u l p h a t e . O t h e r w o r k e r s have r e p o r t e d f u s i o n of the sample w i t h 
sodium h y d r o x i d e follov/ed by d i g e s t i o n of the melt u s i n g n i t r i c a c i d 
( 1 6 7 ) and v;ater ( 1 3 9 ) . S i m i l a r a p p r o a c h e s have been used to d e t e r -
mine both a r s e n i c and s e l e n i u m i n c o a l . A f t e r d i s s o l u t i o n o f c o a l 
u s i n g a m i x t u r e of p e r c h l o r i c a c i d / p e r i o d i c a c i d , a r s e n i c was d e t e r -
mined c o l o u r i m e t r i c a l l y ( 1 0 3) and by a t o m i c a b s o r p t i o n s p e c t r o m e t r y 
u s i n g a s a m p l i n g boat t e c h n i q u e ( I 6 8 ) . S e l e n i u m has been d e t e r m i n e d 
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u s i n g a n o d i c s t r i p p i n g voltanr.etry ( l 6 9 ) a f t e r d i s s o l u t i o n of c o a l u s i n g 
a m i x t u r e o f n i t r i c a c i d / p e r c h l o r i c a c i d / s u l p h u r i c a c i d . U s i n g a sim-
i l a r r i i x t u r e to d i g e s t c o a l , o t h e r w o r k e r s have deter.-nined a r s e n i c and 
s e l e n i u m u s i n g g a s / l i c u i d chro.'Tiatography v/ith a nicrov;ave plasma a t c m i c 
er.-^ir.sion d e t e c t o r (170, 171) and e l e c t r o t h e r n i a l a t o m i c a b s o r p t i o n 
spectro.T:etry ( 108, 1 7 2 ) . High t e m p e r a t u r e a s h i n g t e c h n i q u e s have a l s o 
been used to p r e p a r e c o a l samples f o r subsequent d e t e r m i n a t i o n o f a r -
s e n i c and s e l e n i u m . A f t e r t r e a t m e n t v ; i t h a s u i t a b l e a s h i n g a g e n t , 
e i t h e r a s o l u t i o n of magnesium n i t r a t e ( 1 7 3) o r a m i x t u r e of magnesium 
ox i d e / s o d i u m c a r b o n a t e ( 1 0 8 ) , pov/dered c o a l was ashed a t t e m p e r a t u r e s 
between 450 and 500°C. The a s h was t r e a t e d w i t h h;>^drochloric a c i d 
p r i o r to a n a l y s i s u s i n g h y d r i d e g e n e r a t i o n / a t o m i c a b s o r p t i o n s p e c t r o -
metry. A s i m i l a r a s h i n g t e m p e r a t u r e was r e p o r t e d ( 1 74) f o r c o a l sam-
p l e s w h i c h had been t r e a t e d w i t h a s o l u t i o n of magnesium n i t r a t e / 
n i c k e l n i t r a t e to p r e v e n t v o l a t i l i s a t i o n l o s s e s . Subsequent d e t e r -
m i n a t i o n o f a r s e n i c (and antimony) was performed u s i n g e l e c t r o t h e r m a l 
a t o m i c a b s o r p t i o n s p e c t r o m e t r y . 
V/hile the h y d r i d e g e n e r a t i o r y a t o m i c a b s o r p t i o n s p e c t r o m e t r i c t e c h n i q u e 
i s c u r r e n t l y p r o v i n g p o p u l a r f o r the d e t e r m i n a t i o n of low l e v e l s o f 
a r s e n i c and s e l e n i u m , the a n a l y s i s o f * r e a l * samples has been shown to 
s u f f e r from a wide v a r i e t y of i n t e r f e r e n c e s , e.g. v a l e n c y s t a t e ( 1 7 5 , 
1 7 6 ) , pK ( 1 7 7 ) , c e r t a i n m.etals ( 2 6 , 178, 179) and a n i o n s ( 2 8 , 1 7 8 ) . 
S e v e r a l a u t h o r s ( 1 8 0 , 181) have r e p o r t e d s i m i l a r i n t e r f e r e n c e s when 
u s i n g h y d r i d e g e n e r a t i o n / a t o m i c f l u o r e s c e n c e s p e c t r o m e t r y . Numerous 
appro a c h e s have been u s e d to e l i m i n a t e o r to r e d u c e t h e s e i n t e r f e r -
e n c e s to t o l e r a b l e l e v e l s . S u c c e s s f u l methods have i n v o l v e d the use 
o f masking a g e n t s ( 1 8 2 ) o r s e p a r a t i o n of the a n a l y t e s from the i n t e r -
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f e r i n g species by c o p r e c i p i t a t i o n on metal hydroxides (183, 184). 
I n t h i s work a method i s described i n which concentrated p e r c h l o r i c 
acid i s used to digest coal p r i o r to analysis f o r arsenic and sele-
nium using hydride generation/atomic absorption and atomic f l u o r e s -
cence spectrometry. P o t e n t i a l i n t e r f e r e n c e s are i n v e s t i g a t e d , iden-
t i f i e d and overcome using a simple method i n which arsenic and sele-
nium are separated from the m a t r i x by a c o p r e c i p i t a t i o n step using 
lanthanum ( I I I ) hydroxide. A f t e r t h i s step arsenic and selenium are 
determined using the hydride generation methods described i n Chapter 
4. 
A second method f o r arsenic ( a r i s i n g from the i n t e r f e r e n c e studies) 
i s described i n which solvent e x t r a c t i o n i s used to separate arsenic 
from the p e r c h l o r i c acid digest p r i o r to determination using e l e c t r o -
thermal atomic absorption spectrometry. 
P e a s a b i l i t y studies on the determination of arsenic i n low temperature 
coal ash are also discussed. 
5.2 EXPERIRMTAL 
5.2.1 EQUIPt!ENT 
Coal digestions were c a r r i e d out using r o u t i n e l y a v a i l a b l e l a b o r -
a t o r y equipment, i n c l u d i n g : a two-necked, round-bottomed f l a s k (250 m l ) ; 
a B24 ( Q u i c k f i t ) double-surface condenser and a Bunsen burner, t r i p o d 
and gauze. 
- I l l 
P r e c i p i t a t i o n of lanthanum ( I I I ) hydroxide v/as performed by mixing 
the appropriate s o l u t i o n s i n a c e n t r i f u g e tube (100 ml, PTPE) which, 
a f t e r c o o l i n g , was i n s e r t e d i n t o a heavy-duty c e n t r i f u g e (M.S.E. 
Super Minor c e n t r i f u g e , K.S.E. S c i e n t i f i c Instruments, Manor Road, 
Crawley, Sussex). The continuous flow system and atom c e l l desc-
r i b e d previously were used to determine arsenic and selenium by hydride 
generation/atomic absorption or atomic fluorescence spectrometry. 
I n experiments where the arsenic was removed from the p e r c h l o r i c acid 
matrix by solvent e x t r a c t i o n , subsequent determination was performed 
using a full-automated electrothermal atomic absorption procedure. 
Instrumentation and operating conditions are given i n Table 10. 
Ash samples were prepared f o r analysis by ashing powdered coal under 
radiofrequency excited oxygen at reduced pressure. Experimental con-
d i t i o n s are given i n Table 11, Subsequent determination of the arsen-
i c was performed using electrothermal atomic absorption spectrometry 
(see Table 10 f o r d e t a i l s ) . 
S i l i c a residues (obtained on the d i s s o l u t i o n of coal w i t h p e r c h l o r i c 
acid) were analysed q u a l i t a t i v e l y using both X-ray fluorescence and 
X-ray d i f f r a c t i o n . The equipment and operating conditions used are 
described i n Table 12. 
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T a b l e lO 
I n s t r t j n e n t a t i o n and optimum o p e r a t i n g c o n d i t i o n s used i n the 
d e t e n p i n a t i o n o f a r s e n i c by e l e c t r o t h e r m a l atomic a b s o r p t i o n 
spectrometry 
Component Model S u p p l i e r O p e r a t i n g C o n d i t i o n s 
Spectrometer PE 272 







deuterium a r c 
HGA 76B 
P e r k i n Elmer Atomic a b s o r p t i o n 
P o s t O f f i c e POT v o l t a g e 620 V 
Lane wavelength 193.7 nm 
B e a c o n s f i e l d s p e c t r a l bandpass 0.7 nm 
Bucks 
" Sample volume 20 yJi 
4 r e p l i c a t e s per sample. 
" 1 cm.min ^; 10 mV f . s . d . 
7.5 mA 
" 4 mA 
" See below 
Furnace O p e r a t i n g C o n d i t i o n s 
C y c l e 
parameter 
temperature ("^ C) 
time Cs) 
gas flow 



















Instrumentation and operating conditions used i n the preparation 
of low-temperature coal ash 
Plasma generator: Nanotech Plasma Prep PlOO 
Supplied by Nanotech Thin Films Ltd., 
Sedgley Park Trading Estate, 
Prestwich, Manchester. 
Operating conditions Forward power; 115 ± 5 W 
Reflected power; ca. 5 W 
Oxygen flow rate; 20 ± 2 mfi, .min 
Sample s i z e ; 0.05 - 0.5 g coal 
Ashing time; various, t y p i c a l l y 




Instrumentation and operating conditions used i n the a n a l y s i s of 
s i l i c a using x-ray fluorescence and x-ray d i f f r a c t i o n 
X-ray fluorescence: Link Systems MECA lO energy-dispersive 
x-ray fluorescence analyser, f i t t e d with 
a KEVEX 0100 pulse height analyser 
subsystem for data processing. 
Anode s e t t i n g s : Voltage, 45 kV; current, lO mA. 
Targets: (a) molybdenxm (b) barium t i t a n a t e 
The samples were mounted on a small PTFE block and i r r a d i a t e d 
through a vacuum path for lOOO seconds. 
X-ray d i f f r a c t i o n 
X-ray films were exposed i n a Debye-Scherrer camera using iron-
f i l t e r e d cobalt Ka radiation, (6.93 keV).. 
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5.2.2 REAGSriTS 
Unless otherwise s t a t e d a l l reagents used v/ere of a n a l y t i c a l 
grade. 
Hydride generation 
Sodiun tetrahydroborate ( I I I ) s o l u t i o n , . : • 
1^ ™/v In sodimn hydroxide s o l u t i o n , 1 M. 
Lanthanum ( I I I ) c h l o r i d e s o l u t i o n 
Prepared by d i s s o l v i n g lanthanum ( I I I ) c h l o r i d e (10 g) i n d i s -
t i l l e d , deionised water (100 ml). 
Ammonium hydroxide s o l u t i o n 
Prepared by d i l u t i n g concentrated ammonia s o l u t i o n (S. G, 880) 
with an equal volume of d i s t i l l e d , deionised water. 
Hydrochloric a c i d d i l u e n t s o l u t i o n s f o r a r s e n i c and selenium standard 
s o l u t i o n s 
( i ) Sodium iodide s o l u t i o n 
Prepared by d i s s o l v i n g sodium iodide (10 g) i n 
d i s t i l l e d , deionised water (100 ml). 
( i i ) Sodium bromide s o l u t i o n 
Prepared by d i s s o l v i n g sodium bromide (10 g) i n 
d i s t i l l e d , deionised water (100 ml). 
Solvent e x t r a c t i o n 
Hydrogen peroxide (100 v o l s . , 30% ^/v) 
Saturated bromine s o l u t i o n 
Prepared by adding bromine (5 i-il) to d i s t i l l e d , deionised water 
(100 ml). 
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Sodium iodide s o l u t i o n 
Prepared by d i s s o l v i n g sodium iodide (20 g) i n d i s t i l l e d , deion-
i s e d water (100 ml). 
Diethylammonium diethyldithiocarbamate s o l u t i o n 
Prepared by d i s s o l v i n g diethylammonium diethyldithiocarbamate 
(BDH Chemicals, Poole, Dorset; 0,5 g) i n chloroform (lOO ml). 
Copper s o l u t i o n 
Prepared by d i s s o l v i n g copper f o i l (0.50 g) i n d i l u t e n i t r i c 
a c i d (500 ml. 4 M) and d i l u t i n g to 1 l i t r e with d i s t i l l e d , deionised 
water. The r e s u l t i n g s o l u t i o n contained 5 0 0 ^ . m l ~ ^ copper i n 2 K 
n i t r i c a c i d . 
Arsenic standard s o l u t i o n s 
Arsenic standard s o l u t i o n s were prepared by s e r i a l d i l u t i o n of 
a stock s o l u t i o n containing 1000 yig.ml"^ of a r s e n i c (Hopkin and W i l l -
iams, Chadwell Heath, E s s e x ) . Working standards, t y p i c a l l y 0.015 -
0.15yig.ml*^, were prepared using the copper s o l u t i o n as d i l u e n t . 
A l l coal d i g e s t i o n s were performed using concentrated p e r c h l o r i c a c i d 
(72% ^ / v ) . Low temperature coal ash was leached using the copper 
s o l u t i o n described above. 
5.2.3 PROCEDURES 
5.2.3.1 DISSOLUTION OP COAL USING CONCENTRATED PERCHLORIC ACID 
Powdered coal (0.7 g ) , was added to the d i g e s t i o n f l a s k and a 
double surfa c e condenser f i t t e d to the B 24 neck of the f l a s k . Con-
centrated p e r c h l o r i c a c i d (35 ml, 72^ ^ ^/v) was added v i a the second 
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neck of the f l a s k , which was then stoppered and the f l a s k s w i r l e d 
repeatedly to ensure mixing and thorough wetting of the c o a l . The 
mixture was heated gently using a Bunsen burner u n t i l effervescence 
began (5 - 10 mins). At t h i s point the r e a c t i o n became vigorous 
and s e l f - s u s t a i n i n g . Heating was discontinued u n t i l effervescence 
subsided (5 - 10 rains), whereupon the mixture was heated strongly 
u n t i l complete d i s s o l u t i o n of the carbonaceous matter was observed. 
The mixture was then r e f l u x e d f o r approximately 10 mins and allowed to 
cool, y i e l d i n g a sample s o l u t i o n i n 45 mins or l e s s . When more con-
centrated sample s o l u t i o n s were re q u i r e d the mixture was cooled a f t e r 
the i n i t i a l effervescence had ceased and a second portion of coal 
(0.3 - 0.7 g) added v i a the second neck of the f l a s k . The procedure 
was then continued as described above and the t o t a l r e a c t i o n time was 
t y p i c a l l y 1 hour. A f t e r cooling, f i r s t i n a i r and secondly i n an 
ice/water mixture, the s o l u t i o n and s i l i c a r e s i d u e s were t r a n s f e r r e d 
with condenser and f l a s k washings (10 - 12 ml, 5 M hydr o c h l o r i c a c i d ) 
to a graduated f l a s k (50 ml). As a s a f e t y precaution i c e d water 
(approximately 200 ml) was placed i n a sepa r a t i n g funnel, f i t t e d i n 
the v e r t i c a l arm of a Q u i c k f i t 'H* shaped two way adaptor l o c a t e d i n 
the top of the condenser. I n c e r t a i n experiments when smouldering 
and/or i g n i t i o n of the coal was observed, the i c e d water was immed-
i a t e l y discharged i n t o the r e a c t i o n f l a s k to cool and quench the 
mixture. 
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5.2.3-2 SEPARATION OP ARSEIIIC AIJD SELEI?IUIJ By CO-PRECIPITATION 
V/ITH LANTHAi;Ut1 ( I I I ) HYDROXIDE 
An a l i q u o t of the p e r c h l o r i c a c i d digest (10 - 20 ml) was t r a n s -
f e r r e d to a PTPE centrifuge tube (100 ml c a p a c i t y ) and lanthanum 
( I I I ) c h l o r i d e s o l u t i o n added (2 ml, 10^^ °"/v). Sodium iodide s o l u t i o n 
(1 ml 10% °*/v) or sodium bromide s o l u t i o n (1 ml, 10% ^/v) was added 
f o r a r s e n i c or selenium determinations r e s p e c t i v e l y . A f t e r mixing^ 
ammonium hydroxide s o l u t i o n (25 - 50 ml, 50% °^ /v) was poured q u i c k l y 
i n t o the mixture. For a r s e n i c determinations the s o l u t i o n was cooled 
by immersion i n cold water. Por selenium determinations the s o l u t i o n 
was allowed to cool i n a i r (10 - 15 mins), the heat of n e u t r a l i s a t i o n 
being used to a s s i s t reduction of selenium ( V I ) to selenium ( I V ) . 
The lanthanum ( I I I ) hydroxide p r e c i p i t a t e was separated from the bulk 
of s o l u t i o n by c e n t r i f u g i n g at approximately 3000 r.p.ra, f o r 2 - 3 
minutes. A second a l i q u o t ( l ml) of lanthanum ( I I I ) c h l o r i d e s o l u -
t i o n was added and the mixture cent r i f u g e d as before. The super-
natant l i q u o r was c a r e f u l l y discarded and the p r e c i p i t a t e d i s s o l v e d , 
i n a minimum of h y d r o c h l o r i c a c i d (5 M , containing 1% °^ /v sodium 
bromide- or sodium iodide f o r selenium or a r s e n i c determinations r e s -
p e c t i v e l y ) . The r e s u l t i n g s o l u t i o n was t r a n s f e r r e d to a graduated 
f l a s k (10 - 25 ml) and made up to volume again, usi n g the appropriate 
h y d r o c h l o r i c a c i d d i l u e n t . The s o l u t i o n was then analysed f o r a r s e -
n i c or selenium by hydride generation/atomic absorption or atomic 
fluorescence spectrometry ( s e c t i o n 4.3-3-2, page 99). 
5.2.3.3- SOLVENT EXTRACTION OP ARSENIC PROI:! COAL DIGESTS 
An a l i q u o t of the p e r c h l o r i c a c i d d i g e s t (10-20 ml) was placed i n a 
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small beaker (50 ml) and hydrogen peroxide s o l u t i o n ( 1 - 2 ml) added. 
The s o l u t i o n was heated gently u n t i l effervescence ceased and, a f t e r 
c ooling, extracted with diethylammonium diethyldithiocarbam.ate s o l u -
t i o n (2 X 10 ml, 0.5^ ^ /v i n chJoroform). The organic phase was 
discarded and a second a l i q u o t ( 1 - 2 ml) of hydrogen peroxide s o l u -
t i o n v;as added, followed by saturated bromine v/ater ( 1 - 2 ml). A f t e r 
b o i l i n g to d i s p e l the bromine the s o l u t i o n was cooled, sodium iodide 
s o l u t i o n (1 ml, 20^ ^ /v) added and the mixture allowed to stand f o r 
10 mins. The s o l u t i o n was then extracted with the diethylammonium 
diethyldithiocarbamate s o l u t i o n ( 2 x 5 ml) and the aqueous phase d i s -
carded. The organic phase was then extracted with the copper s o l u t i o n 
(2 X 5 ml, 500 yig.ml""^ copper i n n i t r i c a c i d , 2 T-O • T h i s s o l u t i o n was 
then analysed f o r a r s e n i c by electrothermal atomic absorption spectro-
metry using the instrumentation and operating conditions described i n 
Table 10. 
5.2.3.4 LOW TEMPERATURE ASIOI-IG OP COAL SAIvlPLES 
A sample of powdered coal ( t y p i c a l l y 0.5 g) was spread t h i n l y on 
a cover g l a s s which was then placed i n the sample chamber of the 
ashing u n i t . A f t e r evacuation of the chamber a small flow of oxygen 
(20 ml.min""^) was introduced, the forward pov/er set to approximately 
100 W, and the plasma i n i t i a t e d . The forward pov/er was incr e a s e d to 
a nominal s e t t i n g of 115 V/ and the plasma tuned to produce a minimum 
of r e f l e c t e d power ( t y p i c a l l y 5 W). The sample was allowed to ash 
i n the oxygen plasma f o r a period ranging between twenty four and 
ninety hours. On completion of the ashing c y c l e the oxygen supply 
v/as switched o f f and the pressure i n the sample chamber slowly allov/ed 
to r i s e to atmospheric. The ash was then mixed with the n i t r i c acid 
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s o l u t i o n of copper (15 ml of 500 /og.ml ^ copper i n 2 M n i t r i c a c i d ) 
and heated at 80°C f o r 30 mins. The suspension was allov/ed to cool to 
approximately 30^C and then f i l t e r e d d i r e c t l y i n t o a graduated f l a s k 
(25 ml). The p r e c i p i t a t e v/ar* v/p.shed and the s o l u t i o n made up to v o l -
ume with the same copper s o l u t i o n . Arsenic was determined by e l e c t r o -
thermal atomic absorption spectrometry using the instrumentation and 
operating conditions described i n Table 10. 
5.3 RESULTS AMD DISCUSSION 
5.3.1 DISSOLUTION OP COAL USING CONCEITTRATED PERCHLORIC ACID 
The r e s u l t s of previous experiments using p e r c h l o r i c a c i d had 
shown that i t was p o s s i b l e to d i s s o l v e the carbonaceous content of 
coal r a p i d l y and reproducibly. However, since p e r c h l o r i c a c i d enjoys 
a r a t h e r dubious rep u t a t i o n (due mainly to i t s explosive hazards when 
improperly handled) i t was decided f i r s t to determine whether or not 
the reagent could be used s a f e l y on a routine b a s i s . 
During i n i t i a l attempts to digest coal the r a t i o of volume of a c i d 
per u n i t weight of co a l was v a r i e d i n order to determine which propor-
t i o n s y i e l d e d r a p i d and safe d i s s o l u t i o n of the coal while preventing 
undue d i l u t i o n of the sample s o l u t i o n . I t was found to be e s s e n t i a l 
to wet the co a l thoroughly but, wherever p o s s i b l e with a minimum of 
a g i t a t i o n . I f the a c i d and coal were not i n t i m a t e l y mixed small 
i n c l u s i o n s or 'pockets' of dry coal tended to r e a c t r a t h e r vigorously 
during preliminary heating of the mixture. I n some cases when the 
r a t i o of a c i d to coal was low ( t y p i c a l l y 20 ml:l g or l e s s ) these 
i n c l u s i o n s tended to p e r s i s t to the stage of vigorous heating of the 
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mixture and i g n i t i o n of the coal occurred. S i m i l a r l y , v/hen the coal 
and a c i d mixture was shaken too vigorously p r i o r to heating a t h i n 
l a y e r of coal dust v/as seen to c o l l e c t on the i n s i d e of the f l a s k ' 
above the l e v e l of the a c i d . During heating of the mixture t h i s coal 
dust v/as seen to smoulder, suggesting imminent i g n i t i o n . When t h i s 
happened the i c e d water stored i n the separating funnel i n the top of 
the condenser was immediately discharged i n t o the f l a s k to quench 
the mixture and prevent p o t e n t i a l explosion. The minimum a c i d to 
coal r a t i o necessary to minimise these problems was 40:1, though i n 
p r a c t i c e 50:1 was p r e f e r r e d . 
The sample s o l u t i o n concentrations were of the order of 1.4^ Vv. 
T h i s concentration represented a r s e n i c concentrations of 130 and 5 
ng.ml"^ and selenium concentrations of 36 and 12 ng.ml ^ f o r SRM's 
1632a and 1635 r e s p e c t i v e l y . \'/hile these l e v e l s were measurable with 
the proposed d e t e c t i o n systems, the p r e c i s i o n obtainable f o r both 
a r s e n i c and selenium i n SRTJ 1635 was u n l i k e l y to exceed 10^ ( r e l a t i v e ) 
Consequently sample s o l u t i o n concentrations were increased by adding 
more coal during d i g e s t i o n . T h i s proved to be a r e l a t i v e l y simple 
task and i n c r e a s e d the time taken f o r sample d i s s o l u t i o n by only 
15-20 mins. 
5.3-2 DIRECT DETERimATION OP ARSENIC AND SELENIUM IK PERCHLORIC 
ACID DIGESTS USING HYDRIDE GENERATION/ATOMIC ABSORPTION AND 
ATOMIC FLUORESCENCE SPECTRO^?ETRy 
I n i t i a l attempts to determine a r s e n i c and selenium d i r e c t l y i n 
the p e r c h l o r i c a c i d d i g e s t s of standard c o a l s using the hydride -
generation methods described r e s u l t e d i n low r e c o v e r i e s of both 
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elements ( t y p i c a l l y 8 0 % ) . Pour p o s s i b l e causes were suspected, which 
were: 
i ) l o s s e s through v o l a t i l i s a t i o n due to the elevated temper-
atu r e s required to r e f l u x concentrated p e r c h l o r i c a c i d 
(200-210°C); 
i i ) adsorption of a r s e n i c and selenium on the s i l i c a pre-
c i p i t a t e d during d i g e s t i o n of the c o a l ; 
i i i ) d e p l e t i o n of the a v a i l a b l e reductant concentration due 
to r e a c t i o n betv/een p e r c h l o r i c a c i d and sodium t e t r a -
hydroborate ( I I I ) s o l u t i o n ; 
i v ) i n t e r f e r e n c e s during generation of the hydrides by c e r -
t a i n t r a n s i t i o n metals, notably copper and n i c k e l . 
5.3.3 IDETTTIPICATION OP IHTERPERENCES 
To i d e n t i f y which one (or more) of these p o s s i b l e causes was 
re s p o n s i b l e the following s t r a t e g y was adopted: 
a) to separate and analyse the s i l i c a f o r a r s e n i c and selenium 
content; 
b) to develop an a l t e r n a t i v e and independent method f o r the deter-
mination of a r s e n i c and selenium i n the c o a l d i g e s t s . ( I f 
q u a n t i t a t i v e r e c o v e r i e s were obtained then v o l a t i l i s a t i o n 
l o s s e s could be discounted) 
c) to prepare standard s o l u t i o n s containing p e r c h l o r i c a c i d and 
d i l u t e l i y d r o c h l o r i c a c i d and to compare the s i g n a l against 
that of standards made up i n d i l u t e h y d r o c h l o r i c a c i d only; 
d) i f a) above i n d i c a t e d that a r s e n i c and selenium were r e t a i n e d 
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during d i g e s t i o n , to separate both of the a n a l y t e s from the 
i n t e r f e r e n t s i n the p e r c h l o r i c a c i d matrix p r i o r to deter-
mination using the hydride generation technique. 
A f t e r d i g e s t i o n of tv;o c o a l samples the s i l i c a was f i l t e r e d from both 
s o l u t i o n s (Kucleopore , .0.8^) and taken f o r a n a l y s i s by both X-ray 
fluorerjcenf:?; and X-ray d i f f r a c t i o n . The r e s u l t s of the X-ray d i f f -
r a c t i o n confirmed that the m a t e r i a l was l a r g e l y quartz combined with 
small amounts of k a o l i n i t e and alumina. The X-ray fluorescence r e -
s u l t s were more i n t e r e s t i n g , both samples y i e l d i n g s p e c t r a i n which 
peaks due to a r s e n i c were observed ( d e t e c t i o n l i m i t 5yig.g~^)-
Selenium was not observed i n e i t h e r spectrum but t h i s was probably 
because the maximum l e v e l s of selenium a n t i c i p a t e d i n the s i l i c a v/ere 
below the d e t e c t i o n l i m i t of the method (5yig.g""^). The s i l i c a was 
returned to each of the s o l u t i o n s and the samples r e f l u x e d f o r 10-15 
minutes. A f t e r a second f i l t r a t i o n the s i l i c a was again examined 
using X-ray f l u o r e s c e n c e , which t h i s time showed that the a r s e n i c 
had been desorbed. A f t e r a n a l y s i s of the s o l u t i o n s using hydride 
generation/atomic absorption spectrometry the r e c o v e r i e s of a r s e n i c 
were s t i l l low ( t y p i c a l l y S0%) and t h i s p o s s i b l e mechanism of i n t e r -
ference was discounted. The X-ray fluorescence s p e c t r a are shown i n 
Pigs 11, 12 and 13. 
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P i g . 11 X-ray fluorescence examination of r e s i d u e s remaining a f t e r d i g e s t i o n of NDS SRI.T l632a 
(bituminous coal) using concentrated p e r c h l o r i c a c i d 
x-ray energy/^^^ 
^ i ^ ' 12 X-ray fluorescence a n a l y s i s of s i l i c a r e s i d u e s from p e r c h l o r i c a c i d d i g e s t i o n of NBS SRiM l632a; 
(a) before r e f l u x i n g ; (b) a f t e r r e f l u x i n g 
J L 
10 11 12 
x-ray energy^^^^ 
Pb 
^ i g - 13 Broad spectrum X-ray fluorescence scan of s i l i c a r e s i d u e s from p e r c h l o r i c a c i d d i g e s t i o n of 





5.3.3.1 DETERI:!INATION OP ARSENIC USING SOL^/ENT EXTRACTION/ELECTRO-
THERJ.4AL ATOh'IC ABSORPTION SPECTROI/ETRY 
I n r e s p e c t o f (b) i t was d e c i d e d to d e t e r m i n e a r s e n i c u s i n g a 
t e c h j i i c u e not i n v o l v i n g h y d r i d e g e n e r a t i o n . Due to the lov/ l e v e l s o f 
a r s e n i c a n t i c i p a t e d (10-100 ng.ml '^) e l e c t r o t h e r m a l atomic a b s o r p t i o n 
s p e c t r o m e t r y was s e l e c t e d . A g a i n , d i r e c t a n a l y s i s o f the p e r c h l o r i c 
a c i d d i g e s t s u s i n g t h i s method was i m p r a c t i c a b l e due t o s e v e r e a t t -
ack on the carbon t u b e s d u r i n g the a t o m i s a t i o n s t a g e . C o n s e q u e n t l y 
a method was d eveloped i n w h i c h the a r s e n i c was removed from the 
m a t r i x by a s o l v e n t e x t r a c t i o n / b a c k e x t r a c t i o n procedure p r i o r to 
d e t e r m i n a t i o n u s i n g the c a r b o n f u r n a c e . I n the method d e s c r i b e d 
( 1 8 5 , 1 8 6 ) ( s e c t i o n 5.2.3.3, page 119) hydrogen p e r o x i d e was added to 
the c o a l d i g e s t to c o n v e r t a l l the a r s e n i c to the p e n t a v a l e n t o x i d -
a t i o n s t a t e . The f i r s t e x t r a c t i o n v / i t h diethylammonium d i e t h y l d i t h i o -
carbamate s o l u t i o n v/as i n c l u d e d to remove t r a n s i t i o n m e t a l s w h i c h m.ay 
o t h e r w i s e have been c o - e x t r a c t e d w i t h a r s e n i c ( I I I ) o r s u b s e q u e n t l y 
have i n t e r f e r e d w i t h the c a r b o n f u r n a c e d e t e r m i n a t i o n , but not p e n t a -
v a l e n t a r s e n i c . The a r s e n i c was t h e n r e d u c e d to the t r i v a l e n t o x i d -
a t i o n s t a t e w i t h sodium i o d i d e s o l u t i o n and removed from the p e r c h l o -
r i c a c i d by a second e x t r a c t i o n w i t h diethylammonium d i e t h y l d i t h i o -
carbamate s o l u t i o n . P o t a s s i u m i o d i d e s o l u t i o n i s not s u i t a b l e s i n c e 
l a r g e amounts o f i n s o l u b l e p o t a s s i u m p e r c h l o r a t e a r e p r e c i p i t a t e d 
w h i c h c o l l e c t a t the i n t e r f a c e o f the two p h a s e s d u r i n g the second 
e x t r a c t i o n and hamper s e p a r a t i o n . Sodium p e r c h l o r a t e i s r e a d i l y 
s o l u b l e and c a u s e s no s u c h problems. A r s e n i c was s u b s e q u e n t l y 
s t r i p p e d from the o r g a n i c phase by b a c k - e x t r a c t i o n w i t h an aqueous 
s o l u t i o n o f copper, w h i c h was chosen because o f i t s h i g h e r f o r m a t i o n 
c o n s t a n t t h a n a r s e n i c w i t h diethylammonium d i e t h y l d i t h i o c a r b a r a a t e ( 1 8 6 ) 
- 128 -
A n a l y s i s of the s o l u t i o n s obtained by t h i s procedure using e l e c t r o -
thermal atomic absorption spectrometry gave r e c o v e r i e s of a r s e n i c 
of 101 - 4% (three d e terminations). 
The same s o l u t i o n s when analysed u s i n g the hydride generation/atomic 
absorption method gave r e c o v e r i e s of approximately 80%, 
T h i s approach was not repeated f o r selenium due to the d i f f i c u l t i e s 
encountered i n i d e n t i f y i n g a complexing agent v/ith which selenium 
could be simply and s e l e c t i v e l y e x t r a c t e d from the coal d i g e s t s . 
Prom the r e s u l t s of these experiments i t appeared i n c r e a s i n g l y l i k e l y 
that the low r e c o v e r i e s of a r s e n i c and selenium obtained u s i n g the 
hydride generation methods were due to i n t e r f e r e n c e s during gener-
a t i o n of the hydrides. Thus, some method of separating the a r s e n i c 
and selenium from these i n t e r f e r e n t s v/as r e q u i r e d . While q u a n t i t a t i v e 
removal of a r s e n i c from the p e r c h l o r i c a c i d matrix had. been achieved 
using the solvent e x t r a c t i o n procedure, the s o l u t i o n s used f o r a n a l y -
s i s contained l a r g e amounts of copper (500 ^g.ml'"^). Copper has been 
widely reported to i n t e r f e r e i n hydride generation methods, probably 
through compound formation w i t h the a n a l y t e s , i n t h i s case copper 
arsenide and copper s e l e n i d e * A n a l y s i s of these copper containing 
s o l u t i o n s by hydride generation/atomic absorption spectrometry gave 
very lov/ r e c o v e r i e s of a r s e n i c , t y p i c a l l y 50^. Other metals which 
d i s p l a c e a r s e n i c from the diethylammonium diethyldithiocarbamate 
complex (e.g. mercury, palladium and s i l v e r ) are a l s o reported to 
i n t e r f e r e i n hydride generation methods and these were not i n v e s t -
i g a t e d . I n a d d i t i o n simultaneous i s o l a t i o n of a r s e n i c and selenium 
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was not p o s s i b l e using the solvent e x t r a c t i o n procedure described. 
E x t r a c t i o n of selenium required adjustment of the pH of the s o l u t i o n 
to approximately 5.5, but t h i s would have been s u i t a b l e f o r the ex-
t r a c t i o n of a r s e n i c a l s o . Hov/ever, the iodide added to.reduce 
a r s e n i c ( I V ) to a r s e n i c ( I I I ) a l s o reduced selenium ( I V ) and ( V I ) to 
selenium metal v/hich v/as not e x t r a c t a b l e using diethylammonium diethy-
Idithiocarbamate. F u r t h e r experiments designed to co-extract a r s e n i c 
and selenium simultaneously were not performed due to the d i f f i c u l t y 
i n i d e n t i f y i n g a reducing agent pov/erful enough to reduce a r s e n i c 
(V) to a r s e n i c ( I I I ) , yet mild enough to reduce selenium (VT) to 
selenium ( I V ) and no f u r t h e r (and which would not produce a p r e c i p i -
t a t e when added to the p e r c h l o r i c a c i d d i g e s t s ) . Rather an a l t e r -
n a t i v e method was sought and the simultaneous removal of a r s e n i c and 
selenium from coal d i g e s t s was soon s u c c e s s f u l l y achieved usi n g a 
v a r i a t i o n of one of a number of reported methods i n which both these, 
and other hydride forming elements, were c o - p r e c i p i t a t e d on 
lanthanum ( I I I ) hydroxide from ammoniacal s o l u t i o n . The e f f i c i e n c y 
of the procedure was evaluated by determining a r s e n i c and selenium 
i n a s e r i e s of standard s o l u t i o n s , some of which contained the t r a c e 
metals thought to be responsible f o r the low r e c o v e r i e s observed. 
5.3.3-2 EFFICIENCY OP THE CO-PRECIPITATION STEP 
Various •synth e t i c * coal s o l u t i o n s were prepared containing the 
t r a c e t r a n s i t i o n metals present i n SRf.l l632a (chromium, copper, i r o n , 
l e a d , manganese, n i c k e l , vanadium and z i n c , as w e l l as a r s e n i c and 
selenium). Two s o l u t i o n s contained these m.etals i n t h e i r ' n a t u r a l ' 
( i n c o a l ) concentration r a t i o s and were made up i n s o l u t i o n s of 
h y d r o c h l o r i c a c i d (5 H) and a mixture (1:1) of h y d r o c h l o r i c a c i d 
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(5 M) and concentrated p e r c h l o r i c a c i d . Tv;o other s o l u t i o n s were 
prepared using s i m i l a r a c i d s but contained the metals other than 
a r s e n i c and selenium at a concentration of 10,000 ng.ml"^ of each 
other metal. V/hen measured using hydride generation/atomic absorp-
t i o n spectrometry both s e t s of s o l u t i o n s gave apparently low recover-
i e s of a r s e n i c and selenium, ( t y p i c a l l y 80-90?^) r e l a t i v e to s o l u t i o n s 
made up i n hy d r o c h l o r i c a c i d (5 and containing no t r a n s i t i o n 
metals. The s o l u t i o n s containing 10,000 ng.ral'"^ of t r a n s i t i o n metals 
gave s l i g h t l y lov/er r e c o v e r i e s than the s o l u t i o n s d i r e c t l y represen-
t a t i v e of SHt! l632a. The r e s u l t s are given i n Table 13- Although 
rigorous attempts to i d e n t i f y s p e c i f i c metals were not made,the e f f -
e c t s of copper and n i c k e l i n p a r t i c u l a r were i n v e s t i g a t e d . S o l u t i o n s 
of both a r s e n i c and selenium containing copper or n i c k e l (SRtl l632a 
concentration r a t i o s ) were analysed d i r e c t l y using hydride generation/ 
atomic absorption spectrometry. I n each case r e c o v e r i e s were low, 
t y p i c a l l y 30% and 80% f o r n i c k e l and copper containing s o l u t i o n s r e s -
p e c t i v e l y . When the lanthanum ( I I I ) hydroxide procedure was c a r r i e d 
out i n aramoniacal s o l u t i o n using a s i n g l e p r e c i p i t a t i o n a r s e n i c was 
recovered q u a n t i t a t i v e l y , but only 93 - 2% of the selenium Was reco-
vered. Q u a n t i t a t i v e r e c o v e r i e s of both elements were obtained using 
the double p r e c i p i t a t i o n procedure described-
5.3.4 DETERIvIIIsUTION OP ARSENIC AND SELENIUM IN COAL 
The p e r c h l o r i c acid/lanthanum ( I I I ) hydroxide c o p r e c i p i t a t i o n 
method was then used to prepare sample s o l u t i o n s of SRT^s 1632a and 
1635. A r s e n i c and selenium were subsequently determined using 
hydride generation/atomic absorption and atomic fluorescence 
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spectrometry. The r e s u l t s are given i n Tables 14, 15, 16 and 17. I n 
attempts to increase the recovery of a r s e n i c from SH-.l 1635 the concen-
t r a t i o n s of both the lanthanum ( I I I ) c h l o r i d e and ammonium hydroxide 
s o l u t i o n s were i n c r e a s e d . The a r s e n i c values f o r SRI.-! 1635 were not 
inc r e a s e d , but the r e s u l t s v/ere w i t h i n the NBS quoted range and were 
deemed acceptable. 
A range of non-standard c o a l s was analysed f o r a r s e n i c and the r e s u l t s 
obtained were compared v/ith r e s u l t s obtained independently (187) 
using B r i t i s h Standard B.S. 1016 and neutron a c t i v a t i o n a n a l y s i s . The 
r e s u l t s are shown i n Table 18. 
5.3.5 PREPARATION AND ANALYSIS OP LOW Te.TPERATURS CX)AL ASH 
The recommended ashing time f o r a 0.5 g c o a l sample was seventy 
hours, with i n t e r m i t t e n t shut dov/n and s t i r r i n g of the ash. T h i s was 
considered to be unacceptable i f the method was to be used on a rou-
t i n e b a s i s . Consequently experiments were performed i n which the 
weight of coal taken and the ashing times were v a r i e d i n order to 
f i n d the optimum conditions f o r rapid preparation of the ash. The 
ash l e a c h a t e s were analysed f o r a r s e n i c by carbon furnace atomic 
absorption spectrometry (see Table 10) and the r e s u l t s are shown i n 
Table 19. 
The r e s u l t s suggest that the sample needs to be ashed f o r more than 
twenty-four hours i f q u a n t i t a t i v e l e a c h i n g of the a r s e n i c from the 
ash i s to be achieved. I n one experiment the ash was not f i l t e r e d 
from the l e a c h a t e and an ash s l u r r y was analysed i n s t e a d . The reco-
very of a r s e n i c was w i t h i n 6^ 5 of the value obtained f o r the f i l t e r e d 
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leachate though p r e c i s i o n was worse, presumably due to l i g h t s c a t -
t e r i n g i n the furnace by ash p a r t i c u l a t e s , Nevertheless, the r e s -
u l t s demonstrate that the method permits the a n a l y s i s of a r s e n i c i n 
coal with adequate accuracy and p r e c i s i o n provided that s u f f i c i e n t 
time i s allowed f o r ashing of the sample. 
The ash was a l s o analysed by X-ray fluorescence before and a f t e r 
l e a c h i n g . The r e s u l t s (Pigs 14 and 15) i n d i c a t e that a r s e n i c i s 
e f f e c t i v e l y leached from the ash using the method described. 
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Table 13 
A comparison of the responses obtained from various solutions with 
and without the trace metals present i n SRM 1632a as measured 
using hydride generation/atomic absorption spectrometry. 
% recoveries of arsenic and selenium 
As Se As Se 
Nominal concentrations/ng.mi, ^ 20 20 100 100 
Solutions*: 
a 100 100 lOO 100 
b 103 97 102 99 
c 86 90 90 89 
d 86 90 91 84 
e 79 83 84 80 
f 82 80 83 80 
A l l a r s e n i c and selenium solutions contained sodium iodide and 
sodium bromide (1% m/v) r e s p e c t i v e l y . 
a 5M hydrochloric acid containing arsenic and selenium 
b 5M hydrochloric acid/concentrated p e r c h l o r i c acid (1:1) containing 
arsenic and selenium 
c 5M hydrochloric a c i d containing: a r s e n i c , (20 ng.mJi. ^) ; chromium, 
C70 ng.mA*"^); copper, C35 ng.m£"l); iro n , (2,0OO ng.mil"!) ; lead, 
(25 ng.m5,-l); manganese, C60 ng.mJi"^); n i c k e l , (40 ng .mZ~^) ; 
selenium, (5 ng.mJl-1) ; vanadium, C90 ng.m£~^); z i n c , (60 ng.mi,"-^). 
d 5M hydrochloric acid/concentrated p e r c h l o r i c acid (1:1) with the 
metals as in 'c* above, 
e 5M hydrochloric acid containing: a r s e n i c , (20 ng.m£ ^ ) ; selenium, 
C5 ng.mJl"^); chromium, copper, iron, lead, manganese, n i c k e l , 
vanadium and zinc CIO,000 ng^mST^). 
f 5M hydrochloric acid/concentrated p e r c h l o r i c acid C l : l ) with the 
metals as i n *e* above. 
-134-
TABLE 14 Determination of A r s e n i c i n SRM 1632a 
N a t i o n a l Bureau of Standards 
Standard Reference M a t e r i a l i632a, Bituminous C o a l 
Quoted A r s e n i c Content = 9.32 ± 1 vjg.g"^ 
A r s e n i c found pg.g ^ 









•both a n a l y s e s on 9.02* 9.13* 




mean 9.34 ug.g_^ 9.27 ug.g_j^ 
s t a n d a r d d e v i a t i o n 0.23 ug.g 0.25 yg.g 
r e l a t i v e s t a n d a r d 2.43% 2-66% 
d e v i a t i o n 
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TABLE 15 Determination of Arsenic i n SRM 1635 
National Bureau of Standards 
Standard Reference Material 1635, Sub-bituminous Coal 
Quoted Arsenic Content = 0.42 ± 0.15 \ig.g ^ 
Arsenic found yg.g ^ 









mean 0.32 yg.g ^ 0.30 yg.g | 
standard deviation 0.02 lJg.g~ 
r e l a t i v e standard 7% 
deviation 
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TABLE 16 Determination of Selenium i n SRM 1632a 
National Bureau of Standards 
Standard Reference Material 1632a, Bitumous Coal 
Quoted Selenium content = 2.6 ± 0.7 yg.g""*" 














mean 2.58 >Jig.g" 2.64 yg.g " 
standard deviation 0.08 j J j . g ' ^ 0.05 yg.g*^ 
r e l a t i v e standard 2.9% 1.9% 
deviation 
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TABLE 17 Determination of Selenium i n SRM 1635 
National Bureau of Standards 
Standard Reference Material SRM 1635, Sub bitumous Coal 
Quoted Selenium Content 0.9 ±0.3 pg.g ^ 











mean 0.90 Pg.g_j^ 0.90 Ug.g ^ 
Standard deviation 0.03 pg.g 0.03 pg.g"^ 




A comparison of the arsenic l e v e l s determined i n t h i s work with 







B.S.1016 E.T.A . A. S. 
Sample a b 
1 18.5 28.0 16.7 17.7 -
2 16.7 20.0 14.1 22.7 12.0 
3 17.3 32.0 13.2 22.7 16.0 
4 8.4 11.3 7.0 14.3 12.5 
5 4.6 - 2.9 6.7 4.8 
6 15.2 — 10.8 13.5 8.9 
a Calibrated with aqueous solutions matched for n i c k e l and 
magnesium content 
b Calibrated with aliquots of s l u r r i e d coal (sample 1) 
assuming an arsenic content of 16.7 yg.g""^. 
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Table 19 
Recovery of ar s e n i c from low temperature coal using electrothermal 
atomic absorption spectrometry 
National Bureau of Standards 
Standard Reference Material 1632a, Bituminous Coal^. 
Ashing time/hours 
24 72 
Sample weight/g As found \ig/g~^ 
0.050 7.4 ± 1 lO.O ± 0.4 
0.200 6.5 ± 1 9.18 ± 0.4* 
0.500 6.0 ± 1 9.14 ± 0.4 
* Arsenic found by analysis; of s l u r r y 8.8 ± 1.3 Pg.g ^ 
a C e r t i f i c a t e value, 9.32 ± 1 JJg.g""^ 
-140-
F i g . 14 X-ray fluorescence a n a l y s i s of low temperature coal ash from NBS Snr-.l l632a (a) before, and 
(b) a f t e r l e a c h i n g with d i l u t e n i t r i c a c i d 
10 11 12 
x-ray energy^l^^^ 
"^^ ^^ "^  spectrum X-ray fluorescence scan of low temperature coal ash from I^BS SRT.l 1632a 
Fe Fe 





8 10 12 U 
x-ray energy/^^^ 
16 1ft 
5 . 4 CONCIUSIOiiS 
The determination of a r s e n i c and selenium i n coal has r e c e n t l y 
been reported by s e v e r a l authors and a notev/orthy feature of the l i t e r -
ature i s that no s i n g l e technique has proved to be e i t h e r a n a l y t i c a l l y 
s uperior to or n o t i c e a b l y more popular than the others. S e v e r a l 
instrumental techniques have- been used to determine these elements i n 
whole coal but problems of l i m i t e d s e n s i t i v i t y and poor p r e c i s i o n 
have induced other workers to use lengthy ashing or combustion proce-
dures i n order to overcome these problems. E q u a l l y popular are methods 
i n which the coal has been d i s s o l v e d or wet ashed p r i o r to the deter-
mination of a r s e n i c or selenium. Numerous ashing a i d s , d i g e s t i o n mix-
tu r e s and d e t e c t i o n systems have been reported. I n the work described 
here coal i s taken into s o l u t i o n using concentrated p e r c h l o r i c a c i d . 
Arsenic and selenium are removed from i n t e r f e r e n t s by c o p r e c i p i t a t i o n 
on lanthanum ( I I I ) hydroxide p r i o r to determination using hydride 
generation/atomic absorption and atomic fluorescence spectrometry. 
The p e r c h l o r i c a c i d d i g e s t i o n procedure i s seen to be a very simple 
and e f f i c i e n t method f o r the d i s s o l u t i o n of c o a l . The elevated temp-
er a t u r e s required to r e f l u x concentrated p e r c h l o r i c a c i d (200-210^0 
have in c u r r e d no l o s s e s by v o l a t i l i s a t i o n of e i t h e r a r s e n i c or s e l e -
nium. The strenuous r e f l u x conditions used a l s o minimise undesirable 
emission of perchlorate fumes. Thus the tendency towards dehydration 
of the a c i d , which may subsequently introduce p o t e n t i a l explosive 
hazards, i s avoided. V/hen used as recommended t h i s method i s comp-
l e t e l y s a f e and r e l i a b l e showing no tendencies towards i g n i t i o n and/or 
over-vigorous r e a c t i o n . I t has been used r e g u l a r l y throughout t h i s 
phase of the p r a c t i c a l work to d i s s o l v e numerous coal samples, of 
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widely varying compositions i n a rapid and reproducible manner. 
Some workers (170) have experienced problems of adsorption of selenium 
on p r e c i p i t a t e d s i l i c a v/hen d i s s o l v i n g environmental samples using a 
mixture of n i t r i c , p e r c h l o r i c and s u l p h u r i c a c i d s . Such problems 
have been avoided i n t h i s work by r e f l u x i n g the coal digest to de-
sorb a r s e n i c and selenium from the r e s i d u a l s i l i c a . 
D i r e c t a n a l y s i s of the p e r c h l o r i c a c i d d i g e s t s using the proposed 
hydride generation methods f a i l s to y i e l d q u a n t i t a t i v e r e c o v e r i e s of 
a r s e n i c and selenium. The r e s u l t s of a s e r i e s of experiments have 
i n d i c a t e d that these low r e c o v e r i e s are due to i n h i b i t i o n by c e r t a i n 
t r a n s i t i o n methods (probably n i c k e l and copper) during generation of 
the hydrides, A p o s s i b l e explanation i s that s p e c i e s such as copper 
arsenide, copper s e l e n i d e , n i c k e l arsenide and n i c k e l s e l e n i d e are 
p r e c i p i t a t e d during mixing of the sodium tetrahydroborate ( I I I ) and 
sample s o l u t i o n s , when the pH of the s o l u t i o n r i s e s sharply. Thus, 
appreciable amounts of both a r s e n i c and selenium are made un a v a i l a b l e 
f o r reduction and low r e c o v e r i e s r e s u l t . The l a r g e excess of l a n -
thanum ( I I I ) ions added during the p r e c i p i t a t i o n step ensures that 
a r s e n i c and selenium are p r e f e r e n t i a l l y p r e c i p i t a t e d with the l a n -
thanum while the copper and n i c k e l remain i n s o l u t i o n as t h e i r a l k a l i 
soluble ammine complexes. O v e r a l l the c o p r e c i p i t a t i o n step i s much 
more rapid and simple than the solvent e x t r a c t i o n procedure (see 
below) and i n a d d i t i o n i s capable of i s o l a t i n g a r s e n i c and selenium 
simultaneously. 
The solvent e x t r a c t i o n procedure has helped to confirm the e f f i c i e n c y 
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o f the p e r c h l o r i c a c i d d i g e s t i o n . However, w h i l e q u a n t i t a t i v e s e p -
a r a t i o n of a r s e n i c from t he p e r c h l o r i c a c i d d i g e s t s i s p o s s i b l e , the 
method, l i k e many s o l v e n t e x t r a c t i o n methods, i s t e d i o u s and time 
consuming. N e v e r t h e l e s s , i t s u s e f u l n e s s s h o u l d not be u n d e r e s t i m a t e d 
and i f a s u i t a b l e r e d u c i n g agent , one c a p a b l e of r e d u c i n g a r s e n i c (V) 
to a r s e n i c ( I I I ) and s e l e n i u m ( V I ) to s e l e n i u m ( I V ) , can be i d e n t i f i e d , 
t h en s i m u l t a n e o u s e x t r a c t i o n o f a r s e n i c and s e l e n i u m s h o u l d be poss-' 
i b l e . Because o f the n o n - s t a n d a r d n a t u r e of many o f the h y d r i d e 
g e n e r a t i o n systems r e p o r t e d many w o r k e r s w i l l c o n t i n u e to d e t e r m i n e 
a r s e n i c and s e l e n i u m by e l e c t r o t h e r m a l a t o m i c a b s o r p t i o n s p e c t r o m e t r y , 
w h i c h i s a v / e l l - c h a r a c t e r i s e d and s t a n d a r d t e c h n i q u e . T h u s , t h i s 
method may v / e l l prove a t t r a c t i v e to those l a b o r a t o r i e s not equipped 
v/ith h y d r i d e g e n e r a t i o n equipment. S i m i l a r l y , i t may be p o s s i b l e to 
use t h e c o p r e c i p i t a t i o n method t o i s o l a t e a r s e n i c and s e l e n i u m and 
t h e n s i m p l y to d i s s o l v e t h e p r e c i p i t a t e i n d i l u t e n i t r i c a c i d ( i n s t e a d 
o f d i l u t e h y d r o c h l o r i c a c i d ) p r i o r to d e t e r m i n a t i o n u s i n g e l e c t r o -
t h e r m a l a t o m i c a b s o r p t i o n s p e c t r o m e t r y . Lanthanum has been used ( 1 8 8 ) 
s u c c e s s f u l l y a s a m a t r i x m o d i f i e r to p r e v e n t premature v o l a t i l i s a t i o n 
o f a r s e n i c d u r i n g d e t e r m i n a t i o n u s i n g e l e c t r o t h e r m a l atomic a b s o r p -
t i o n s p e c t r o m e t r y . 
Of the two methods d e s c r i b e d , c o p r e c i p i t a t i o n f o l l o w e d by h y d r i d e 
g e n e r a t i o n / a t o m i c a b s o r p t i o n o r a t o m i c f l u o r e s c e n c e s p e c t r o m e t r y i s 
p r e f e r r e d b e c a u s e of i t s o v e r a l l s i m p l i c i t y and e a s e of o p e r a t i o n . 
A n a l y s i s time p e r s o l u t i o n i s a p p r o x i m a t e l y one minute, whereas the 
e l e c t r o t h e r m a l a t o m i c a b s o r p t i o n method r e q u i r e s 5-10 minutes 
( a p p r o x i m a t e l y 1^-2 mins p e r r e p l i c a t e , 4 o r 5 r e p l i c a t e s p e r s o l u t i o n ) . 
The l a t t e r a l s o r e q u i r e s c o n s i d e r a b l y more c a r e when s e t t i n g the 
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e x p e r i m e n t a l and o p e r a t i n g c o n d i t i o n s . 
The r e s u l t s o f t h e c o a l analyses are encouraging i n terms o f accuracy 
and p r e c i s i o n . Values o b t a i n e d f o r b o t h elements i n b o t h s t a n d a r d 
c o a l s u s i n g h y d r i d e g e n e r a t i o n / a t o m i c a b s o r p t i o n and atomic f l u o r e s -
cence s p e c t r o m e t r y are w i t h i n the ITBS quoted ranges. The value ob-
t a i n e d f o r a r s e n i c i n SRI,! 1635 i s towards the l o w e r end o f the NES 
quoted range. The c e r t i f i e d v alue i s based upon f i g u r e s o b t a i n e d by 
d e t e r m i n a t i o n s performed u s i n g atomic a b s o r p t i o n s p e c t r o m e t r y and 
photon a c t i v a t i o n a n a l y s i s . Authors (158, 159, 160, 189) d e t e r m i n i n g 
a r s e n i c i n SRJ.I 1635 u s i n g i n s t r u m e n t a l a c t i v a t i o n methods hc-ve r e p o r -
t e d average values s u b s t a n t i a l l y h i g h e r than the irBS v a l u e , and o f t e n 
w i t h poorer p r e c i s i o n . T h i s i s p r o b a b l y because such lov/ c o n c e n t r a -
t i o n s are c l o s e t o the d e t e c t i o n l i m i t s o f the methods used but 
p o s s i b l y t h e r e may be some i n t e r f e r e n c e s . Consequently, a c e r t i f i c a t e 
v a lue based on r e s u l t s o b t a i n e d u s i n g these t e c h n i q u e s may be b i a s e d 
tov/ards the h i g h end o f the range. 
The use o f the m i n i a t u r e flame as the atom c e l l and atomic a b s o r p t i o n 
o r atomic f l u o r e s c e n c e s p e c t r o m e t r y , t o g e t h e r w i t h the r e p r o d u c i b l e 
d i g e s t i o n c o n d i t i o n s and c o n t i n u o u s h y d r i d e g e n e r a t i o n p r o v i d e s a 
s u i t a b l y a c c u r a t e and p r e c i s e method f o r the d e t e r m i n a t i o n o f a r s e n i c 
and selenium, i n c o a l . I n t e r f e r e n c e s d u r i n g g e n e r a t i o n o f the l i y d r i d e s 
are r e a d i l y overcome u s i n g a simple and r a p i d c o p r e c i p i t a t i o n proce-
dure. The d e t e c t i o n l i m i t s o f 58 and 36 ng.g""^ by atomic a b s o r p t i o n 
s p e c t r o m e t r y and 25 and 10 ng.g""^ by atomic f l u o r e s c e n c e s p e c t r o -
metry f o r a r s e n i c and selenium r e s p e c t i v e l y are adequate f o r t y p i c a l 
a r s e n i c and selenium l e v e l s i n c o a l s . V/hen e x t r a s e n s i t i v i t y i s 
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r e q u i r e d these d e t e c t i o n l i m i t s can be improved by a f a c t o r o f 2 - 3 
by i n c r e a s i n g t he amount o f c o a l d i s s o l v e d per d i g e s t i o n ( t h o u g h 
c o r r e s p o n d i n g l y l o n g e r d i g e s t i o n t i m e s are r e q u i r e d ) . 
? i n a l l y , t h e p o t e n t i a l o f the low temperature oxygen plasma a s h i n g 
technique as a s u i t a b l e method f o r p r e p a r i n g c o a l samples f o r subse-
quent d e t e r m i n a t i o n o f a r s e n i c and selenium has been i n v e s t i g a t e d . 
At the moment the time-consuming st e p i s the ti m e r e q u i r e d t o e f f e c t 
a s h ing o f the sample. Recent s t u d i e s (190) have shown t h a t , under 
s u i t a b l e e x p e r i m e n t a l c o n d i t i o n s , a s h i n g t i m e s o f t h r e e hours are 
s u f f i c i e n t t o prepare* c o a l samples f o r a n a l y s i s . The i n h e r e n t simp-
l i c i t y o f t h i s m.ethod makes i t v e r y e f f e c t i v e , and i f t h i s can be 
coupled w i t h such s h o r t sample p r e p a r a t i o n t i m e s , t he c a p i t a l o u t l a y 
f o r such i n s t r u m e n t a t i o n should be j u s t i f i a b l e * 
147 -
Chapter S. THE DETEKqKATION 0? TRACE I.IETAI-S IN COAJ. USING THE METHOD 
0? SLURHY ATOi.-ISATION IK AN INDUCTIVELY CQITPLSD ?LASi;:A 
6.1 INTRODUCTION 
The d i r e c t a t o n i s a t i o n o f s o l i d o r s l u r r i e d samples would appear 
t o o f f e r a r a p i d method f o r the a n a l y s i s o f i n t r a c t a b l e m a t r i c e s 
v/hich might n o r m a l l y r e q u i r e p r e t r e a t m e n t u s i n g l e n g t h y d i g e s t i o n o r 
combustion procedures. T r a d i t i o n a l l y arc and spark o p t i c a l e m i s s i o n 
spectro.Tietry has been an in-portant technique f o r the a n a l y s i s o f 
s o l i d samples. The techn i q u e i s most s u c c e s s f u l v/hen a n a l y s i n g con-
d u c t i n g m a t e r i a l s , the sample beir;g used as one o f the e l e c t r o d e s . 
Non-conducting m a t e r i a l s have been a n a l y s e d , u s u a l l y i n powdered form 
and a f t e r m i x i n g v ; i t h g r a p h i t e ( o r o c c a s i o n a l l y copper) powder t o 
make the sample more c o n d u c t i n g . Arc and spark e m i s s i o n s p e c t r o m e t r y 
i s , however, f r a u g h t v / i t h a number o f problems. I t i s u s u a l l y neces-
sary t o c a l i b r a t e u s i n g standards v / i t h c o m p o s i t i o n s c l o s e l y r e s e m b l i n g 
those o f t h e samples. M a t r i x i n t e r f e r e n c e s and i r r e p r o d u c i b l e a r c 
c o n d i t i o n s may cause poor p r e c i s i o n , a problem more e v i d e n t v/hen a n a l y -
s i n g powdered, non-conducting samples. I n g e n e r a l these t e c h n i q u e s 
are b e t t e r s u i t e d t o the a n a l y s i s o f b u l k s o l d samples ( e . g . m e t a l s ) 
t h a n t o powders. I n c o n t r a s t atomic a b s o r p t i o n and i n d u c t i v e l y 
coupled plasma atomic e m i s s i o n s p e c t r o m e t r y o f f e r good s e n s i t i v i t y , 
p r e c i s i o n and r e l a t i v e freedom from chemical i n t e r f e r e n c e s . I t i s not 
s u r p r i s i n g t h e r e f o r e t h a t t h e r e has been a g r a d u a l l y i n c r e a s i n g i n t e r -
e s t i n the a p p l i c a t i o n o f these t e c h n i q u e s t o the a n a l y s i s o f s o l i d 
and s l u r r i e d samples. 
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A comprehensive r e v i e w (191) d e s c r i b i n g the v a r i o u s approaches t o 
the d i r e c t a n a l y s i s o f s o l i d saniples usir<; atoi-nic a b s o r p t i o n s p e c t r o -
metry c o n t a i n s many r e f e r e n c e s t o b o t h t h e o r e t i c a l c o n s i d e r a t i o n s and 
p r a c t i c a l a p p l i c a t i o n s . Another r e v i e w (192) dea l s .^ore g e n e r a l l y 
v/ i t h atorriic ernission and ato.T.ic f l u o r e s c e n c e as w e l l as atomic absorp-
t i o n spectroT.etry. 
Methods u s i n g flames f o r a t o m i s a t i o n o f s o l i d samples (193, 194, 195) 
have tended t o produce r e s u l t s l a c k i n g s e n s i t i v i t y and p r e c i s i o n . 
Such methods are not w i d e l y r e p o r t e d . Since the e a r l y experiments 
o f L'Vov and co-workers (196) on the a n a l y s i s o f s o l i d samples u s i n g 
e l e c t r o t h e r m a l atomic a b s o r p t i o n s p e c t r o m e t r y t h i s t e c h n i q u e has 
been w i d e l y used t o determine a range o f elements i n a v a r i e t y o f 
sajnple m a t r i c e s ( 1 9 1 , 197, 198, 199). Powdered samples have a l s o been 
analysed d i r e c t l y u s i n g the i n d u c t i v e l y coupled plasma. F l u i d i s e d 
beds (69) and h o l l o w , demountable sample-holders (70) have been used 
t o e f f e c t sample i n t r o d u c t i o n . The major a n a l y t i c a l problems a s s o c i -
a t e d w i t h these t e c h n i q u e s have been: sample s e g r e g a t i o n ; e r r a t i c 
sample i n t r o d u c t i o n r a t e ; s e l e c t i v e v o l a t i l i s a t i o n ; n o n - s p e c i f i c 
a b s o r p t i o n ; i n s u f f i c i e n t l y r a p i d o r complete d e s t r u c t i o n o f the 
m a t r i x and/or incom.plete v o l a t i l i s a t i o n and a t o m i s a t i o n o f the a n a l -
y t e . Some o r a l l o f these e f f e c t s may combine t o a g r e a t e r o r l e s s e r 
e x t e n t t o produce r e l a t i v e l y poor s e n s i t i v i t y and p r e c i s i o n . How-
ever, when o n l y s e m i - q u a n t i t a t i v e r e s u l t s are r e q u i r e d such methods 
are g e n e r a l l y r a p i d and the l o s s i n accuracy may be made t o l e r a b l e 
by t h e g a i n i n speed o f a n a l y s i s , i.lore r e c e n t l y l a s e r a b l a t i o n has 
been used t o v o l a t i l i s e samples f o r subsequent a n a l y s i s u s i n g spark 
e m i s s i o n s p e c t r o g r a p h y (200) and i n d u c t i v e l y coupled plasma e m i s s i o n 
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s p e c t r o m e t r y ( 2 0 1 ) . I n the l a t t e r method the samples were c o l l e c t e d 
on adhesive tape p r i o r t o v o l a t i l i s a t i o n and a f u l l y - a u t o m a t i c m u l t i -
element a n a l y s i s v/as performed every t e n seconds. V/hile good p r e c i -
s i o n was r e p o r t e d f o r s e v e r a l elements, the s m a l l amount o f sample 
a c t u a l l y r e a c h i n g the atom c e l l ( t y p i c a l l y 1 ^g) r e s u l t e d i n poor 
p r e c i s i o n (10-25% RSD) f o r o t h e r elements. Disadvantages o f these 
t e c h n i q u e s i n c l u d e problems due t o sample inhomogeneity and t h e r e l a -
t i v e l y poor s h o t - t o - s h o t r e p r o d u c i b i l i t y o f e x i s t i n g l a s e r s . 
Of i n c r e a s i n g p o p u l a r i t y i s the a n a l y s i s o f s l u r r i e s , i . e . powders 
suspended i n e i t h e r aqueous o r o r g a n i c s o l v e n t s . I n e a r l y work (202) 
flame atomic e m i s s i o n s p e c t r a were o b t a i n e d by a s p i r a t i n g a s o i l sam-
p l e suspended i n a 1:1 mixi;ure o f i s o p r o p a n o l and g l y c e r o l . L a t e r 
workers determined a l k a l i m e t a l s i n p l a n t s (203) and rocks (204) 
u s i n g analogous t e c h n i q u e s . A s i g n i f i c a n t c o n t r i b u t i o n t o t h e f i e l d 
o f s l u r r y a n a l y s i s v/as t h e paper by V / i l l i s ( 2 0 5 ) . I n t h i s work a . 
study was made o f the f a c t o r s i n f l u e n c i n g the a t o m i s a t i o n e f f i c i e n -
c i e s o f s e v e r a l m e t a l s when suspensions o f g e o l o g i c a l m a t e r i a l s v/ere 
sprayed i n t o a flame f o r a n a l y s i s u s i n g atomic a b s o r p t i o n s p e c t r o -
m.etry. Perhaps the most prominent f e a t u r e o f the work was the con-
c l u s i o n t h a t o n l y p a r t i c l e s o f 1 2 j i m o r l e s s c o n t r i b u t e d a p p r e c i a b l y 
t o the a b s o r p t i o n s i g n a l and t h a t a t o m i s a t i o n e f f i c i e n c y i n c r e a s e d 
r a p i d l y w i t h decrease i n p a r t i c l e s i z e . Some workers (20.6, 207) 
have a t t e m p t e d t o overcome the problems encountered w i t h flames by 
u s i n g e l e c t r o t h e r m a l atomic a b s o r p t i o n s p e c t r o m e t r y . T h i x o t r o p i c 
t h i c k e n i n g agents v/ere used t o produce s t a b l e suspensions and t h e 
a u t h o r s concluded t h a t p a r t i c l e s i z e s o f up t o 25 v/ere t o l e r a b l e . 
Since these s t u d i e s i t has become apparent t h a t t h e p o t e n t i a l f o r 
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the d i r e c t a n a l y s i s o f s l u r r i e d samples may be l i m i t e d by the comp-
l e x i t y o f the u n t r e a t e d m a t r i x . I n the case o f e l e c t r o t h e r m a l atom-
i s a t i o n methods problems o f n o n - s p e c i f i c a b s o r p t i o n are s i g n i f i c a n t 
w h i l e b l o c k i n g o f the sample c a p i l l a r y o r b u r n e r s l o t are problems 
encountered when u s i n g c o n v e n t i o n a l b u r n e r / n e b u l i s e r assemblies. 
A l t h o u g h l e s s s e n s i t i v e t h a n e l e c t r o t h e r m a l a t o m i s e r s , t y p i c a l 
b u r n e r / n e b u l i s e r systems are g e n e r a l l y more convenient t o o p e r a t e 
and capable o f more r a p i d sample t h r o u g h p u t . Much work has been 
performed on the development o f n e b u l i s e r and b u r n e r systems capable 
o f h a n d l i n g samples w i t h h i g h s a l t c o n c e n t r a t i o n s and h i g h l e v e l s o f 
suspended s o l i d s . 
Development and subsequent c h a r a c t e r i s a t i o n o f a unique n e b u l i s a t i o n 
p r i n c i p l e by B a b i n g t o n (208) has r e v o l u t i o n i s e d sample i n t r o d u c t i o n 
t e c h n i q u e s . The advantage o f t h i s type o f n e b u l i s e r i s t h a t the 
sample i s no l o n g e r r e q u i r e d t o pass t h r o u g h a v e r y narrow c a p i l l a r y 
( c a . 0.35 mm). I n s t e a d the sample f l o w s t h r o u g h a r e l a t i v e l y broad 
tube (up t o a few mm) and i s d e l i v e r e d to a narrow o r i f i c e t h r o u g h 
w hich argon i s s u e s a t c l o s e t o s u p e r s o n i c v e l o c i t y . S h a t t e r i n g o f 
the sample stream by the argon a l l o w s d i r e c t g e n e r a t i o n o f h i g h -
d e n s i t y , f i n e l y - d i s p e r s e d a e r o s o l s f r o m a v a r i e t y o f complex mater-
i a l s . Using t h i s type o f n e b u l i s e r i n c o m b i n a t i o n w i t h a w i d e - s l o t , 
h i g h - s o l i d s b u r n e r , copper and z i n c have been deter m i n e d i n whole 
b l o o d , m.ilk, u r i n e and seawater u s i n g atomic a b s o r p t i o n s p e c t r o -
metry ( 2 0 9 ) . S e v e r a l a u t h o r s have subsequently r e p o r t e d m o d i f i e d 
v e r s i o n s o f t h i s n e b u l i s e r . The argon used f o r n e b u l i s a t i o n was 
d i s c h a r g e d f r o m a narrow o r i f i c e l o c a t e d i n a *V' groove which had 
been cut a l o n g one end o f the n e b u l i s e r body. Sample v/as a l l o w e d t o 
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t r i c k l e down t h i s groove and the g r e a t e r c o n t a c t e s t a b l i s h e d betv/een 
sample and gas r e s u l t e d i n more e f f i c i e n t n e b u l i s a t i o n . These nebu-
l i s e r s have been used i n the a n a l y s i s o f samples c o n t a i n i n g h i g h 
s a l t c o n c e n t r a t i o n s and/or h i g h l e v e l s o f suspended s o l i d s , e.g. 
v a r i o u s s t e e l s ( 2 1 0 ) , l i q u i d f o o d s t u f f s ( 2 1 1 ) , and sludge and b i o l -
o g i c a l samples ( 2 1 2 ) . 
S l u r r i e s o f homogenised animal t i s s u e sam.ples have been n e b u l i s e d 
u s i n g s i m i l a r a p p a r a t u s , p r i o r t o d e t e r m i n a t i o n o f copper, z i n c and 
manganese u s i n g atomic a b s o r p t i o n (213) and d.c. plasma atomic emis-
s i o n (214) s p e c t r o m e t r y . An advantage claimed f o r the l a t t e r d e t e c -
t i o n system, was t h a t the sample was i n t r o d u c e d t o the atom c e l l v i a 
a much l a r g e r o r i f i c e . Thus problems o f burner blockage v/ere e l i -
minated e n a b l i n g c o n t i n u o u s sample i n t r o d u c t i o n i n s t e a d o f pul s e d 
n e b u l i s a t i o n . 
D e s p i t e these obvious advances^ flame a t o m i s a t i o n e f f i c i e n c i e s i n 
s l u r r y n e b u l i s a t i o n t e c h n i q u e s are s t i l l lov/, t y p i c a l l y 20^ o f 
those o f aqueous s o l u t i o n s o f e q u i v a l e n t c o n c e n t r a t i o n . A r e c e n t 
study (71) has compared the use o f f l a m e , e l e c t r o t h e r m a l and i n d u c t -
i v e l y coupled plasma a t o m i s a t i o n t e c h n i q u e s f o r the a n a l y s i s o f 
s l u r r i e s . The a u t h o r s conclude t h a t f o r flame a t o m i s a t i o n pulsed 
n e b u l i s a t i o n was necessary t o a v o i d blockage o f the n e b u l i s a t i o n 
system, and f o r i n d u c t i v e l y coupled plasma a t o m i s a t i o n a h i g h - s o l i d s 
n e b u l i s e r i s e s s e n t i a l . A t o m i s a t i o n e f f i c i e n c y i n n e b u l i s e r based 
systems i s shown t o be dependent on sample t r a n s p o r t e f f i c i e n c y , 
p a r t i c l e s i z e , a t o m i s a t i o n temperature and sample m a t r i x . For 
a n a l y t i c a l d e t e r m i n a t i o n s i t i s r e p o r t e d l y necessary to g r i n d t he 
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sample t o l e s s than 10 um p a r t i c l e s i z e and t o use standards which are 
c l o s e l y matched t o the samples. ?or e l e c t r o t h e r m a l a t o m i s a t i o n 
p a r t i c l e s i z e e f f e c t s are r e p o r t e d l y s i g n i f i c a n t o n l y above 25 Urn, 
v/hen sampling becomes the major source o f e r r o r . 
Some work has been performed on the d i r e c t a n a l y s i s o f v/hole c o a l 
s l u r r i e s -using atomic a b s o r p t i o n s p e c t r o m e t r y . The r e s u l t s discussed 
i n a p r e l i m i n a r y r e p o r t (215) are g e n e r a l l y i n c o n c l u s i v e except f o r 
the s u g g e s t i o n t h a t c a l i b r a t i o n u s i n g s t a n d a r d i s e d s l u r r i e s i n s t e a d 
o f aqueous s o l u t i o n s may be necessary. A second, more comprehensive 
r e p o r t (216) and a f u r t h e r paper (217) have disc u s s e d the e f f e c t s o f 
s e v e r a l parameters ( e . g . s l u r r y c o n c e n t r a t i o n , viev/ir^g h e i g h t and 
flame com.position) on a n a l y t i c a l performance. R e l a t i v e to aqueous 
s o l u t i o n s t y p i c a l s l u r r y a t o m i s a t i o n e f f i c i e n c i e s were 20 - S^.-, 
C a l i b r a t i o n v/as achieved u s i n g s l u r r i e s o f s e v e r a l d i f f e r e n t c o a l s , 
the metal l e v e l s o f which had p r e v i o u s l y been determined u s i n g con-
v e n t i o n a l a s h i n g / d i s s o l u t i o n atomic a b s o r p t i o n procedures, Hov/ever, 
s i g n i f i c a n t d e v i a t i o n s from l i n e a r i t y were observed f o r the s l u r r y 
c a l i b r a t i o n p l o t s and tv/o p o s s i b l e causes v/ere d i s c u s s e d . F i r s t l y 
d i f f e r e n t c o a l s may c o n t a i n s i g n i f i c a n t l y d i f f e r e n t amounts o f mine-
r a l m a t t e r which may d i c t a t e the g r i n d i n g c h a r a c t e r i s t i c s o f the c o a l 
and hence i n f l u e n c e the f i n a l p a r t i c l e s i z e d i s t r i b u t i o n . I f the 
s i z e o f a p a r t i c l e i s r e l a t e d t o the c o m p o s i t i o n o f t h a t p a r t i c l e , 
then s e g r e g a t i o n o f the sample has o c c u r r e d and c e r t a i n s i z e f r a c -
t i o n s may be r e l a t i v e l y e n r i c h e d o r d e p l e t e d i n one o r more o f the 
a n a l y t e s . Secondly c o a l s w i t h d i f f e r e n t c o m p o s i t i o n s may undergo 
d i f f e r e n t a t o m i s a t i o n processes. Thus under i d e n t i c a l e x p e r i m e n t a l 
c o n d i t i o n s the response per u n i t c o n c e n t r a t i o n o f a n a l y t e may v a r y 
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f r o m c o a l t o c o a l . 
A n a l y t i c a l methods based on s l u r r y a t o m i s a t i o n t e c h n i q u e s have seve-
r a l advantages t o o f f e r , p a r t i c u l a r l y i n terms o f speed i n a n a l y s i s 
and p r e v e n t i o n o f p o s s i b l e c o n t a m i n a t i o n d u r i n g p r e t r e a t m e n t o f the 
sample. However, the c o m p l e x i t i e s o f t h i s approach are a p p a r e n t . 
I f these l i m i t a t i o n s can be e l i m i n a t e d o r reduced t o t o l e r a b l e l e v e l s , 
e i t h e r by the r e f i n e m e n t o f e x i s t i n g methods, o r by the development 
o f new t e c h n i q u e s , t h e n such methods would be o f p a r t i c u l a r i n t e r e s t 
t o those i n v o l v e d i n the a n a l y s i s o f c o a l . 
The i n d u c t i v e l y coupled plasma o f f e r s an atom c e l l o f h i g h e r temper-
a t u r e ( r e l a t i v e t o f l a m e s ) and, under c e r t a i n c o n d i t i o n s , l o n g e r 
r e s i d e n c e t i m e s . These e f f e c t s s h o u l d combine t o promote complete 
m a t r i x d e s t r u c t i o n and a n a l y t e a t o m i s a t i o n . Hence i t may be poss-
i b l e u s i n g the i n d u c t i v e l y coupled plasma, t o achieve e q u i v a l e n t 
s e n s i t i v i t y f o r s l u r r y and aqueous c o n c e n t r a t i o n s . 
To date no-one has been a b l e t o d e f i n e unambiguously the p r e c i s e 
e x c i t a t i o n mechanisms r e s p o n s i b l e f o r the e m i s s i o n s p e c t r a observed 
u s i n g an i n d u c t i v e l y coupled plasma. Recent v/ork (218) has l e d t o 
an a p p r a i s a l o f the e x t e n t o f l o c a l t h e r m a l e q u i l i b r i u m i n the a l l -
argon plasma. The r e s u l t s o f t h e s e and o t h e r s t u d i e s (219, 220) 
i n d i c a t e t h a t l o c a l t h e r m a l e q u i l i b r i u m does not e x i s t i n t h e a l l -
argon plasma, v/hich has l e d t o the s u g g e s t i o n o f a non-thermal e x c i -
t a t i o n mechanism i n v o l v i n g c o l l i s i o n s betv/een the a n a l y t e and meta-
s t a b l e argon species ( t h e s o - c a l l e d Penning i o n i s a t i o n ) . T h i s i d e a 
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i s p a r t i c u l a r l y a t t r a c t i v e s i n c e the e x c i t a t i o n e n e r g i e s o f the 
m e t a s t a b l e argon l e v e l s o f 11.55 and 11.71 eV correspond w e l l w i t h 
t he e x c i t a t i o n e n e r g i e s o f s i r i g l y i o n i s e d s p e c i e s found i n t h e plasma 
The s i t u a t i o n f o r the n i t r o g e n - c o o l e d plasma, hov/ever, i s somewhat 
d i f f e r e n t . I n t h i s plasma t h e r e appears t o be a tendency f o r the 
n i t r o g e n t o quench the m e t a s t a b l e argon s p e c i e s , and l o c a l t h e r m a l 
e q u i l i b r i u m may be more c l o s e l y approached. Removal o f these meta-
s t a b l e argon species f r o m the plasm.a would r e s u l t i n a decrease i n 
the amount o f energy a v a i l a b l e f o r sample e x c i t a t i o n . Consequently 
the i n t e n s i t y o f i o n l i n e s may be reduced w h i l e the i n t e n s i t y o f 
atom l i n e s should be l e s s a f f e c t e d . 
T h i s work d e s c r i b e s t h e development o f a method f o r the a n a l y s i s o f 
c o a l samples u s i n g d i r e c t s l u r r y a t o m i s a t i o n i n an i n d u c t i v e l y coup-
l e d plasma. The performance o f b o t h n i t r o g e n - c o o l e d and a l l - a r g o n 
plasmas was o p t i m i s e d f o r aqueous s o l u t i o n s ( f o r cadmium) and c o a l 
s l u r r i e s ( f o r manganese) u s i n g the v a r i a b l e s t e p s i z e s i m p l e x p r o -
cedure ( 2 2 1 , 222) as r e c e n t l y r e p o r t e d f o r t h e i n d u c t i v e l y coupled 
plasma ( 2 2 3 ) . The e f f e c t s on s e n s i t i v i t y and p r e c i s i o n o f s l u r r y 
c o n c e n t r a t i o n , sample pumping r a t e and p a r t i c l e s i z e are a l s o i n v e s t -
i g a t e d . The pnerformance o f a ?T?E " B a b i n g t o n - t y p e " h i g h - s o l i d s 
n e b u l i s e r f o r the g e n e r a t i o n o f sample a e r o s o l s f r o m c o a l s l u r r i e s 




A schematic diagram o f the i n s t r u r r . e n t a t i o n used i n t h i s work i s 
shovm. i n ? i g . 16. 
The plasma t o r c h (see r e f e r e n c e 6 l f o r d e t a i l s o f c o n s t r u c t i o n ) was 
mounted c o n c e n t r i c a l l y i n a t h r e e - t u r n , w a t e r - c o o l e d , copper i n d u c -
t i o n c o i l . Radiofrequency power was s u p p l i e d t o the c o i l by a 5kvY, 
27 r.THz f r e e - r u n n i r i g g e n e r a t o r (Radyne R50P, Radyne, V.'okingham, Eng-
l a n d ) . 
Gases were s u p p l i e d t o the t o r c h by a p u r p o s e - b u i l t 'gas-box*. F i v e 
r o t a m e t e r s i n t h i s box allov/ed d i r e c t s w i t c h i n g o f the plasma from 
' s t a r t up' t o ' r u n n i n g ' c o n d i t i o n s . The c o o l a n t gas f l o w was e q u i p -
ped w i t h a s w i t c h i n g f a c i l i t y e n a b l i n g e i t h e r argon o r n i t r o g e n t o be 
s e l e c t e d as the c o o l a n t gas. A l l t h r e e gas f l o w s ( c o o l a n t , plasma 
and i n j e c t o r ) were c o n t r o l l e d a t the gas-box a l l o w i n g the optimum 
o p e r a t i n g c o n d i t i o n s t o be s e l e c t e d . 
The a n a l y t e was i n t r o d u c e d i n t o the plasma i n the form o f an a e r o s o l 
which was produced u s i n g a PTPE ' h i g h - s o l i d s ' n e b u l i s e r ( F i g . 17; 
see r e f e r e n c e 224 f o r d e t a i l s o f c o n s t r u c t i o n ) . D u r i n g t h i s work t h e 
n e b u l i s e r was f o r c e - f e d u s i n g a s m a l l p e r i s t a l t i c pump (Schuco I . ' i n i 
Pump Mark I V , 60 r.p.m., Schuco S c i e n t i f i c , H a l l i w i c k Court P l a c e , 
London). T h i s was necessary i n o r d e r t o p r o v i d e a constant head o f 
sample as t h i s type o f n e b u l i s e r has no n a t u r a l uptake a c t i o n . 
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The l a r g e r a e r o s o l d r o p l e t s produced v/ere removed u s i n g a l a b o r a t o r y -
c o n s t r u c t e d double-pass spray chamber ( ? i g . 18) and the r e s u l t i n g 
a n a l y t e a e r o s o l was t r a n s p o r t e d t h r o u g h t h e c e n t r a l i n j e c t o r tube o f 
the t o r c h i n t o the plasma. I n l a t e r e x p e r i m e n t s , when h i g h pumping-
r a t e s v/ere used t o d e l i v e r c o a l s l u r r i e s t o the n e b u l i s e r , a r e c y c -
l i n g spray-chamber ( F i g . 19) v/as used t o conserve sample s o l u t i o n . 
An i n v e r t e d image o f the plasma v/as p r o j e c t e d 1;1 onto the 2 5 ^ m 
entrance s l i t o f the monochromator u s i n g a q u a r t z l e n s , 7-5 cm f o c a l 
l e n g t h . The s p e c t r o s c o p i c e m i s s i o n l i n e s o f i n t e r e s t were i s o l a t e d 
u s i n g a 0.5 m Ebert scanning monochromator ( J a r r e l l Ash ( E u r o p e ) , 
Le L o c l e , S w i t z e r l a n d ) . The r a d i a t i o n was then focussed v i a a 
25ym e x i t s l i t onto a p h o t o m u l t i p l i e r tube (Hamamatsu R106, o p e r a t e d 
a t 500 v ) . The s i g n a l from the p h o t o m u l t i p l i e r was a m p l i f i e d u s i n g 
a l i n e a r picoammeter (L T.l 10, Chelsea I n s t r u m e n t s L t d . , London), and 
f e d i n t o a th r e e - p e n p o t e n t i o m e t r i c c h a r t r e c o r d e r (Type I'-C 641-32, 
V/atanabe I n s t r u m e n t C o r p o r a t i o n , Japan). 
Coal samples f o r p r e l i m i n a r y s l u r r y i n v e s t i g a t i o n s were ground u s i n g 
a Tema L a b o r a t o r y Disc M i l l (Model TlOO, S i e b t e c h n i k , I^ulheim, West 
Germany). Subsequent samples were ground u s i n g a IJcCrone u l i c r o n i s i n g 
I . t i l l (McCrone Research A s s o c i a t e s L i m i t e d , 2 KcCrone Mews, B e l s i z e 
Lane , London NV/3) . 
Coal ash s o l u t i o n s were analysed f o r s e l e c t e d t r a c e metals 
u s i n g an I n s t r u m e n t a t i o n L a b o r a t o r i e s I . L 151 atomic a b s o r p t i o n 
s p e c t r o m e t e r ( I n s t r u m e n t a t i o n L a b o r a t o r i e s I n c . , L e x i n g t o n , Massach-
u s e t t s , U. S. A . ) . 
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P a r t i c l e s i z e d i s t r i b u t i o n s v/ere determined u s i n g a C o u l t e r Counter 
l u o d e l T A I I T.:ultichannel P a r t i c l e Counter, ( C o u l t e r E l e c t r o n i c s , 
N o r t h w e l l D r i v e , L u t o n , Beds.), P r o p r i e t o r y "Coulter e l e c t r o l y t e and 
d i s p e r s a n t were used t o suspend the samples v;hich v/ere s i z e d u s i n g a 
c o u n t i n g tube w i t h a 140 jim o r i f i c e . 
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0.5 M E b e r t scanning monochromator 
Torch 
P i g . 16 Schematic Diagram 
o f I n s t r u m e n t a t i o n 
N i t r o g e n Argon Pump, n e b u l i s e r 
and double-pass 
spray chamber 
ffig. 17 P.T.P.E. h i g h s o l i d s n e b u l i s e r 
O 
I  
Gas i n l e t 








P i g , 18 Double pass spray chamber 
I 
B 
A Samplet i n l e t t u b e , 0.8 mm i , d . 
B. Gas i n l e t , t y p i c a l l y 0.3 l.min""^ 
C. P.T.P.E. body o f n e b u l i s e r 
D. O u t l e t t o plasma 
E. Q u i c k f i t c o n i c a l beaker, 250 ml. 
?, D r a i n , t o waste 
D 
Pip;.; 19 Recycling n e b u l i s a t i o n system 
A 
A. P e r i s t a l t i c pump, d e l i v e r i n g 15 ml.min'"^ of s l u r r y 
B. P.T.P.E. high s o l i d s n e b u l i s e r 
C. Double pass spray chamber 
D. S l u r r y r e s e r v o i r 
6.2.2 REAGENTS 
C a l i b r a t i o n standards f o r both atomic absorption and i n d u c t i v e l y 
coupled plasma .-nethods were prepared by s e r i a l d i l u t i o n of stock 
1000 |;g.ml"" s o l u t i o n s of chromium, copper, i r o n , manganese, n i c k e l , 
vanadium and z i n c (B.D.K. Chemicals, Poole, D o r s e t ) . ? o r s l u r r y 
analyses d i l u t i o n s were made using a stock d i l u e n t of T r i t o n X-100 
s o l u t i o n (B.D.H. Chemicals, 1^ ^ Vv). 
The following a n a l y t i c a l grade reagents were used i n the coal ash 
d i s s o l u t i o n procedure: 
concentrated h y d r o c h l o r i c a c i d ; 
concentrated n i t r i c a c i d ; 
concentrated h y d r o f l u o r i c a c i d ; 
saturated b o r i c a c i d s o l u t i o n (6>S ^/v i n d i s t i l l e d , deionised 
v/ater). 
6.2.3 PROCEDURES 
6.2.3.1 ANALYSIS 0? COAL USIKG PLAijIE ATOMIC ABSORPTION SPECTROI.:ETHy 
Coal samples were ashed and the ash d i s s o l v e d using the American 
National Standards I n s t i t u t e / A m e r i c a n Society f o r T e s t i n g T.^aterials 
method ANSI/ASTIJ D 3683-78 (225). Using t h i s method coal ashed at 
500^C was d i s s o l v e d v/ith aqua r e g i a and h y d r o f l u o r i c a c i d . Saturated 
b o r i c a c i d s o l u t i o n was used to n e u t r a l i s e excess h y d r o f l u o r i c a c i d . 
The s o l u t i o n s obtained were analysed f o r chrom.ium, copper, i r o n , 
manganese, n i c k e l , vanadium and z i n c using atomic absorption s p e c t r o -
metry. The spectrometer operating conditions used v;ere those recom-
mended by the instrument manufacturer. 
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6.2.3.2 GRi:cDiTJG 0? COAL SA:.:PLSS 
The samples as r e c e i v e d had been ground t o pass a -250 mesh 
si e v e ( o O j j m ) . ? o r the p a r t i c l e s i z e i n v e s t i g a t i o n s 40 g o f one 
c o a l sample was ground u s i r ^ the Tema l E b o r a t o r y Disc ; . ; i l l . A f t e r 
g r i n d i n g the whole o f the sample f o r a p p r o x i m a t e l y tv/o m i n u t e s , the 
sample was t i p p e d i n t o a s e r i e s o f s i e v e s and the d i f f e r e n t s i z e 
f r a c t i o n s i s o l a t e d by manual a g i t a t i o n o f the s i e v e s . The p a r t i c l e 
s i z e ranges were: 250-125 ^ m, 1 2 5 - 1 0 6 j j n . 106-63^-=, 63-53^m. 53-
38j/m and l e s s than 3 8 j j m . P o r t i o n s o f each f r a c t i o n v/ere used t o 
prepare the c o a l s l u r r i e s {4^'. "/^) which were used to assess the 
e f f e c t o f p a r t i c l e s i z e on e m i s s i o n s i g n a l . 
Por the s l u r r y s i m p l e x o p t i m i s a t i o n procedures a second 40 g p o r t i o n 
o f the same coal sample was ground i n f o u r 10 g p o r t i o n s u s i r i g the 
Tema L a b o r a t o r y Disc I . ^ i l l . A f t e r s c r e e n i n g the powder produced, those 
p a r t i c l e s not passing t h r o u g h a 38 jjm s i e v e were combined and ground 
r e p e a t e d l y u n t i l a l l o f the sample had been reduced t o l e s s than 
3 8 j j m i n di a m e t e r . A l l the p a r t i c l e s v/ere combined and a c o a l s l u r r y 
^ / v , 1 l i t r e t o t a l volume) prepared u s i n g the whole o f the sample 
T h i s s l u r r y was used d u r i n g o p t i m i s a t i o n o f the a l l - a r g o n and n i t r o -
gen-cooled plasmas. Coal sa.T:ples v/ere prepared f o r q u a n t i t a t i v e 
a n a l y s i s u s i n g the T.'cCrone I / i i c r o n i s i n g M i l l . T y p i c a l l y 5 g o f sam-
p l e were dry-ground f o r a p p r o x i m a t e l y 30 mins. A t o t a l o f 30 g o f 
each c o a l v/as ground i n t h i s v/ay and the samples were mixed t h o r -
oughly p r i o r t o the removal o f the p o r t i o n (10,0 g) w i t h which the 
s l u r r i e s ( 1 0 7 ' ^/^) were prepared. 
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6.2,3.3 S E L E C T I O N 0? S P E C T R A L L I N E S AND r.!EASraEIf!ElJT OP E L i l S S I O N 
SIGNALS 
The s p e c t r a l l i n e s used were s e l e c t e d f o l l o w i n g an a p p r a i s a l of: 
( i ) the s i g n a l to background r a t i o a v a i l a b l e at that l i n e 
i n the concentration range of i n t e r e s t ; 
( i i ) the freedom from s p e c t r a l i n t e r f e r e n c e s , p a r t i c u l a r l y 
i r o n emission l i n e s . 
T h i s was performed u s i n g mixed c a l i b r a t i o n standards containing each 
of the metals of i n t e r e s t (1.5, 3.0 and 4.5 jig.m l " ^ of cadmium, copper, 
l e a d , manganese, n i c k e l , vanadium and z i n c ) , each s o l u t i o n containing 
1000^g.ml~^ of i r o n . 
Q u a n t i t a t i v e emission measurements were made using an a l l - a r g o n plasma 
employing two d i f f e r e n t s e t s of operating c o n d i t i o n s . These condi-
t i o n s are shown i n Table 20. As a r e s u l t of t h i s a p p r a i s a l , copper, 
i r o n , manganese and n i c k e l were determined using the atom l i n e con-
d i t i o n s , while vanadium was determined using the i o n l i n e c o n d i t i o n s . 
Chromium, l e a d and z i n c were not determined. 
I n order to ensure accurate measurement of the background under the 
analyte s i g n a l s the emission spectrum was scanned continuously a c r o s s 
a few nanometers e i t h e r s i d e of the a n a l y t i c a l l i n e s . To improve the 
p r e c i s i o n of the measurements the l i n e s were scanned at l e a s t three 
times f o r each of the standeirds and samples. 
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Plasma operating conditions v/ere optimised f o r : 
( i ) cadmium i n aqueous s o l u t i o n s using both a l l - a r g o n and 
nitrogen-cooled plasT:as at the cadmiuT: 228.8 nm atom 
l i n e ; 
( i i ) cadmium i n aqueous s o l u t i o n u s i r ^ a nitrogen-cooled 
plasma at the cadmium 214.4 nm ion l i n e ; 
( i i i ) manganese i n coal s l u r r i e s using both a l l - a r g o n and 
nitrogen-cooled plasmas at the manganese 403.1 rjn atom 
l i n e . 
The v a r i a b l e s t e p - s i z e simplex method, as p r e v i o u s l y applied to the 
i n d u c t i v e l y coupled plasma by Ebdon et a l (223), was used to optim-
i s e plasma performance. 
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Table 20 
Preferred operating conditions for observation of atomic and 
io n i c emission l i n e s i n an all-argon plasma 
atom l i n e s ion l i n e 
Parameter 
Coolant gas flow /Jl.min 
Plasma gas flow/il.rain ^ 
I n j e c t o r gas flow/5,,min 
Power/kW 
Observation height/mm 











These conditions were 
used to determine : 
copper 327,4 nm 
iron 372,O nm 
manganese 403.1 nm 
n i c k e l 341.8 nm 
vanadium 290.9 nm 
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6.3 RESULTS A!TD DISCUSSION 
^ 
6.3.1 OPTE^IISATION 0? PLASI^ A^ PERgOR?i/u^^CE ?0R THE DETERf.'ri^ATION 0? 
CADi.:iu:,: 
I n i t i a l s t u d i e s were d i r e c t e d tov/ards the determination of 
cadmium. Simplex optimisation procedures (using the c r i t e r i o n of 
s i g n a l to background r a t i o , S3R) v/ere performed f o r acueous s o l u t i o n s 
using the cadmium 228.8 nm atom l i n e operating both a l l - a r g o n and 
nitrogen-cooled plasmas. The optimum values obtained f o r the v a r i -
ous f l o w - r a t e s , power s e t t i n g s and observation heights are given i n 
Table 21. Confirmation that these values v/ere r e p r e s e n t a t i v e of the 
true optima was obtained using the method of u n i v a r i a t e searches 
(223, 226, 227). I n t h i s procedure n - 1 of the n v a r i a b l e s v/ere 
held constant and S3R v/as evaluated throughout the range of the 
remaining v a r i a b l e . The r e s u l t s are shov/n f o r the a l l - a r g o n plasma 
i n I?igs 20-24, and f o r the nitrogen-cooled plasma i n ? i g s 25-29. 
The shaded areas on these f i g u r e s represent the f i n a l ranges of the 
values permitted f o r these v a r i a b l e s at the termination of the simplex. 
The g r e a t e s t d i f f e r e n c e s between the two plasmas were noticed f o r 
the coolant flov/-rates, power settir-gs and observation h e i g h t s . ? o r 
the a l l argon plasma an elongated, c o n i c a l f i r e b a l l extending appro-
ximately 5 cm above the load c o i l v/as observed. Por the nitrogen-
cooled plasma the lov/ coolant-flow and the quenching e f f e c t of the 
nitrogen combined to generate a more compact and intense f i r e b a l l 
extending only 1-2 cm above the load c o i l . As a r e s u l t lower obser-
v a t i o n heights were p r e f e r r e d f o r t h i s plasma. The higher power 
pref e r r e d f o r the nitrogen-cooled plasma i s i n agreement v/ith the 
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reported r e s u l t s of other workers (223, 228). 
The absolute emission s i g n a l i n the optimised nitrogen-cooled plasma 
was approximately three times more intense than i n the optimised a l l -
argon plasma. However, the g r e a t e r background of the nitrogen-cooled 
plasma r e s u l t e d i n a much reduced SBR r a t i o (0,024) r e l a t i v e to the 
a l l - a r g o n plasma (i^BR 0,34). These r e s u l t s v/ere i n keeping with the 
general trends o u t l i n e d p r e v i o u s l y . I n order to i n v e s t i g a t e t h i s 
approach f u r t h e r , the cadmium ion l i n e at 214.4 nin was optimised using 
a nitrogen-cooled plasma. As the simplex procedure progressed i t 
becam.e i n c r e a s i n g l y c l e a r that SER's were r e l a t i v e l y i n s e n s i t i v e to 
the nitrogen flow r a t e . At very low flows of nitrogen, 3BR- i n c r e a s e d 
as the plasm.a approximated more c l o s e l y to an a l l - a r g o n plasma. A 
plot of SBR versus nitrogen flow r a t e i s sho\vn i n P i g , 30. Point B 
i s c o r r e c t l y i d e n t i f i e d as providing the maximum SBR within the 
i n i t i a l l i m i t s of the simplex. Nitrogen flow r a t e s lower than those 
at point A produced unstable plasmas and were outside the l i m i t s of 
the simplex. The r e s u l t s are i n keepir^g with the suggestion that, 
ion l i n e emissions should be more intense i n an a l l - a r g o n plasma. 
At the end of these experiments i t was concluded that the s e n s i t i v i t y 
a v a i l a b l e f o r cadmiam with the instrumentation to hand ( d e t e c t i o n 
l i m i t s ca. l ^ g . m l ^) was i n s u f f i c i e n t to determine cadmium at the 
l e v e l s t y p i c a l l y present i n coal ( c a , 0.2 jjig.g""'') . I t was decided 
therefore that i n i t i a l i n v e s t i g a t i o n s into s l u r r y a n a l y s i s would be 
performed on the determination of manganese, an elem.ent consider-
ably more p l e n t i f u l i n most c o a l s . 
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Table 21 
Optimtam operating conditions for the determination of cadmium 




Coolant gas flow/£.min ^ 
Plasma gas flow/i.min ^ 
I n j e c t o r gas flow/Ji.min"^ 
Power/kW 
Observation height/mm 
above load c o i l . 
SBR for an aqueous solution 













SBR measured at the cadmium 228.8 nm atom l i n e 
-170-
P i g . 20 Cd ( I ) 228.8 nm U n i v a r i a t e search: Coolant flow - a l l - a r g o n plasma 
3 0 - 1 
\ 
COOLANT PLOW /I.min 
Pig. 21 Cd ( I ) 228.8 nm U n i v a r i a t e search: Plasma flov; - a l l - a r g o n plasma 
3-0 — I SBR 
PLASr^A ?LOV/,^ . -1 /I.min 
F i g , 22 Cd ( I ) 228.8 nm U n i v a r i a t e search: I n j e c t o r flow 
3-0 -J SBH 
a l l - a r g o n plasma 
INJECTOR PLOW,, . -1 / I .ma.n 
P i g . 23 Cd ( I ) 228.8 nin Un i v a r i a t e search: Viewing height - a l l - a r g o n pi asma 
3 0 - J 
VIEV/TNG HEir.IIT /mm 




F i g . 25 Cd ( I ) 228.8 nm U n i v a r i a t e search; Nitrogen coolant flow - nitrogen cooled plasma 
10H 
- J 
niTnOGEN COOLAKT PLO'.V.^  . -1 
/I.min 





PLASl'A ?LO\V,, . -1 /I.min 




INJECTOR PLOV,' ^ . -1 / l . i n i n 
F i ^ . 20 Cd (T) 228.8 nm Univariate search; Viewing height - nitrogen cooled plasma 
N 
12 15 
I ' r 
30 33 36 










Pip;. 30 V a r i a t i o n of cadmium ion l i n e and atom l i n e SDR's w i t h increase i n nitrogen coolant flovj rate 
03 
O 21^1.1 nm ion l i n e 
^ 226.5 nm ion l i n e 
• 226.0 nm atom l i n e 
A Plow rates below simplex 
" boundary conditions 
B Point i d e n t i f i e d by simplex 
NITROGEN PLOW RATE,, . -1 
/ I . mm 
6,3.2 oPTB/^iSATio:: 0? PLASir^ A P5RPQHI.:AI-;CE ?OH SLURRY ATOr.;iSATlOI? 
The i n i t i a l operating conditions selected were those reported 
previously (227) when t h i s instrumentation had been used to deter-
mine manganese i n a range of m e t a l l u r g i c a l samples. The parameters 
in v e s t i g a t e d were those considered l i k e l y to have the greatest e f f -
ect on SBR, i . e . s l u r r y concentration, sample pumping rate and par-
t i c l e s ize. S l u r r y concentrations and sample pumping rates were 
varied i n the ranges 1-25/?' "^/v and 0.67-5.0 ml.min"''' r e s p e c t i v e l y . 
P a r t i c l e sizes v;ere i n the ranges 250-125Jim, 106-Gjjjn:, •r'3-53jJim, 
53-38 jim and < 3 8 j i m . Both types of plasma were used and the res-
u l t s are shown i n Pigs 31-43. Prom these r e s u l t s the f o l l o w i n g 
general conclusions were drawn, 
?or the a l l - a r g o n plasma, SBR increased r e c t i l i n e a r l y w i t h i n c r e a -
sing s l u r r y concentration up to approximately 20^ "^/v. Deviation 
from l i n e a r i t y was approximately 5^ at 25/5 Vv. ?or the n i t r o g e n -
cooled plasma SBR increases l i n e a r l y (slope =0.4) up to s l u r r y 
concentrations of approximately 10?' ^ /v. While the absolute emission 
s i g n a l was greater i n the nitrogen-cooled plasma, the increased 
background l e v e l again r e s u l t e d i n i n f e r i o r SBR and t h i s i s r e f l e c -
ted i n Pigs 31-43. 
The s i g n a l to background r a t i o increased w i t h increase i n sample 
pumping r a t e , more so f o r the a l l - a r g o n plasma than f o r the n i t r o g e n -
cooled plasma which showed l i t t l e change i n SBR at sample pumping 
rates greater than 2.0 ml.min ^. ?or the a l l - a r g o n plasma, as the 
s l u r r y concentration was increased, the range of l i n e a r i t y of res-
ponse was extended to higher pumping ra.tes. 
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P a r t i c l e size v/as a c r i t i c a l f a c t o r i n determining the ?r.agnitude of 
the emission s i g n a l . P a r t i c l e s less than 38 Jim produced the l a r g e s t 
s i g n a l s , v/hile those i n the range 38-53 jini produced signals at l e a s t 
twice the size of p a r t i c l e s i n the range 53-63jin. P a r t i c l e s g r e a t e r 
than 70^m contributed very l i t t l e to the o v e r a l l SBR, probably due 
to i n s u f f i c i e n t l y r a p i d and/or conplete atomisation of such r e l a t i v e l y 
large p a r t i c l e s . 
To ensure th a t the responses from d i f f e r e n t p a r t i c l e size f r a c t i o n s 
were not due to segregation of the sample during g r i n d i n g , samples 
from each size f r a c t i o n were analysed f o r manganese content using 
flame atomic absorption spectrometry ( s e c t i o n 6.2.3.1, page 163). 
The r e s u l t s showed no s i g n i f i c a n t d i f f e r e n c e s between the various size 
f r a c t i o n s . An average value of 90 - 1.5jig.g~"'" v/as obtained and t h i s 
agreed f a i r l y w e l l w i t h an independent analysis f i g u r e of 99|*£.g""*", 
determined by neutron a c t i v a t i o n a n a l y s i s . 
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? i g . 31 S3R as a f u n c t i o n of sa.T:ple puir.ping r a t e f o r a I f ! /v 
0-5 H 
0-3 
0 - 2 -
0-1 
SBR 
coal s l u r r y 
1 argon 
0 1-0 2-0 3 0 ^•0 5 0 
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PUI^PIKG RATE /ml .min* 
32 S3R as a f u n c t i o n of sample pumping rate f o r a "/v 
coal s l u r r y 




0 - 5 -
S3R 
0 1-0 2 0 3 0 A-0 5 0 
PUI^ P^ING RATE, , . -1 /ml .mm 
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^ i g - 33 S3R as a fu n c t i o n of saT.ple pumping r a t e f o r a 10^ ^/v 
coal s l u r r y 





a l l argon 
nitrogen 
cooled 
0 1-0 2 0 3-0 ^ 0 . 5 0 
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PUr.!PI!?G RATE/ ^ . -1 
? i g . 34 SBR as a f u n c t i o n of sample pumping r a t e f o r a 25^ ^/v 
coal s l u r r y 






a l l argon 
nitrogen 
cooled 
0 ~i I \ I r 1-0 2 0 3 0 ^ 0 5 0 
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PU:.T?ING RATE, , . -1 /ml. mm 
Pig. 35 SBR as a f u n c t i o n of s l u r r y concentration, pumping sajuple 





0 - 5 -
a l l argon 





SLURRY CONCENTRATIO:^  
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Pig. 36 SBR as a f u n c t i o n of s l u r r y concentration, pumping san-ple 







5 10 15 20 25 
SLURRY CONCENTRATION,^ m. 
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Pig. 37 S3R as a f u n c t i o n of s l u r r y concentration, pumping sample 
at 2.0 ml.min 
7 0 ^ 
5 0 
5 - 0 -
Z . 0 -




a l l argon 
nitr o g e n cooled 
0 T 
5 10 15 20 25 
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SLURRY CONCSNTRATION^^ rn^^ 
Pig, 38 SBR as a f u n c t i o n of s l u r r y concentration, pumping sample 
at 3.0 ml.min ^  
1 2 0 H 






a l l argon 
nitrogen 
cooled 




15 2 0 
SLURRY CONCSKTRATION/^ m, 
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? i g . 39 SBR as a f u n c t i o n of s l u r r y concentration, pumping sample 
at 5.0 ml.min""*" 






0 T 5 10 15 20 25 
192 SLURRY CONCENTRATTON^ ^^  m^ ^ 
m F i g . 40 SBR as a f u n c t i o n of p a r t i c l e s i z e , pumping a 1?. /v 
s l u r r y at 2.0 ml.min' 
1 - 5 -
1 0 -
0 - 5 -
S3R 
a l l argon 
n i t r o g e n 
cooled 
0 50 100 150 200 
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PARTrCI,E SIZE 
?ip,. 41 S3H as a f u n c t i o n of p a r t i c l e s i z e , pumping at 4!C' ^/v 
s l u r r y at 2,0 nl.min 
9 0 
6 - 0 
3 - 0 
SBR 
a l l argon 
cooled 
0 
5 0 1 0 0 1 5 0 2 0 0 2 5 0 
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PARTICLE SIZE 
.71 ?xr-. 42 SBR as a f u n c t i o n of p a r t i c l e s i z e , pumping B. Vf. ' / v s l u r r y 
at 5.0 ml.min 
3 0 
2 0 
1 - 0 -
SBR 









P i g . 43 S3H as a f u n c t i o n of p a r t i c l e s i z e , pUiTipine a ^f. '"/v 
s l u r r y at 5.0 ml.rnin 
i ) 
1 2 0 -
8 0 
/.O 




5 0 1 0 0 1 5 0 2 0 0 
PARTICI-S SIZE 
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Plasma performance f o r s l u r r y atomisation v/as then optimised using 
the v a r i a b l e step s i z e simplex procedure. The SBR v/as measured at 
the 403-1 nm manganese atom l i n e i n both a l l - a r g o n and nitrogen-
cooled plasmas, A s l u r r y concentration of 45^  ^/v and a sample pump-
ing r a t e of 2.0 ml.min"^ were chosen i n order to minimise consumption 
of s l u r r y while producing acceptable s i g n a l s i z e . The coal sample 
v/as ground and sieved repeatedly u n t i l a l l the p a r t i c l e s passed 
through a 38jjm s i e v e . P a r t i c l e s i z e a n a l y s i s showed that approx-
imately 5 % (by number) of the p a r t i c l e s were s m a l l e r than lOjxm, 
The optimum conditions f o r both plasmas are given i n Table 22. Again 
the a l l - a r g o n plasma gave b e t t e r r e s u l t s i n terms of SBR because of 
the low background observed. Under the optimum conditions the app-
arent concentration of manganese i n the c o a l , as determined using 
aqueous c a l i b r a t i o n standards i n the a l l - a r g o n and nitrogen-cooled 
plasmas, v/as 48.6 and 36.6jig.g"^ r e s p e c t i v e l y (compared to gOjig.g""^ 
by a . a . s . ) . These concentrations represent atomisation e f f i c i e n c i e s 
( r e l a t i v e to aqueous s o l u t i o n s ) of 60fo and 40% f o r the a l l - a r g o n and 
nitrogen-cooled plasmas r e s p e c t i v e l y . I t was decided at t h i s point 
to use the a l l - a r g o n plasma f o r a l l subsequent experiments because 
of the b e t t e r SBR's a v a i l a b l e r e l a t i v e to the nitrogen-cooled plasma. 
A comparison of the optimal conditions f o r the determination of 
manganese i n coal s l u r r i e s and aqueous s o l u t i o n s using an a l l - a r g o n 
plasma i s shown i n Table 23. S e v e r a l s i g n i f i c a n t and i n t e r - r e l a t e d 
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Table 22 
Optimum o p e r a t i n g c o n d i t i o n s f o r the d e t e r m i n a t i o n of manganese 
by d i r e c t a t o m i s a t i o n o f whole c o a l s l u r r i e s 
Plasma type 
a l l - a r g o n n i t r o g e n - c o o l e d 
Parameter 
Coolant gas flow/£.min ^ 
Plasma gas flow/jl.min ^  
I n j e c t o r gas flqw/Z,mi.n ^ 
Power/kW 
Ob s e r v a t i o n height/mm above 











SBR measured a t the manganese 403.1 nm atom l i n e , u s i n g a 4% m/v 
c o a l s l u r r y ( p a r t i c l e s s m a l l e r than 38 \im) , pumped a t 2.0 mJl.min 
-198-
T a b l e 23 
Optimum o p e r a t i n g c o n d i t i o n s f o r the d e t e r m i n a t i o n o f manganese 
i n aqueous s o l u t i o n and i n whole c o a l s l u r r i e s u s i n g an a l l - a r g o n 
plasma 
Sample type 
aqueous s o l u t i o n whole c o a l s l u r r y 
Parameter 
Coolant g^s flow/ .min ^ ^-^ 
Plasma gas flow/ .min 
I n j e c t o r gas flow/ .min ^ 
Power/kW 
Ob s e r v a t i o n height/mm 26 
above load c o i l 
2.65 




SBP measured a t the manganese 403.1 nm atom l i n e 
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f e a t u r e s v/ere apparent. The height of observation above the load-
c o i l v/as soniewhat higher f o r s l u r r i e s than f o r aqueous s o l u t i o n s . 
Although the plasxa gas flows were s i m i l a r , the coolant and i n j e c t o r 
gas flows v;ere markedly lower f o r s l u r r i e s . The outcome of a combin-
a t i o n of these f a c t o r s was a s h i f t towards longer residence times i n 
the atom c e l l . T h i s e f f e c t would be expected to promote more e f f i -
c i e n t matrix d e s t r u c t i o n and analyte atomisation. That lov/er power 
was preferred f o r s l u r r y atomisation i s perhaps s u r p r i s i n g . I t was 
thought that t h i s may have been the outcome of having optimised the 
operating conditions f o r s i g n a l to background. V/hereas the back-
ground i n c r e a s e s l i n e a r l y v;ith i n c r e a s i n g po'.ver, t h i s may not be so 
f o r the analyte emission s i g n a l . I f t h i s i s the case then a point 
w i l l be reached when the background i s i n c r e a s i n g more r a p i d l y than 
the s i g n a l and f o r s l u r r y atomisation t h i s point appears to be reached 
at r e l a t i v e l y lov/ power. T h i s v/as confirmed by performing a u n i -
v a r i a t e search to i d e n t i f y the optimum pov/er ( P i g . 44). 
I t was f e l t that the atomisation e f f i c i e n c y of the a l l - a r g o n plasma 
(60^) might be improved i f the proportion of p a r t i c l e s i n the sample 
l e s s than lO^m could be i n c r e a s e d . ? i v e coal sam.ples i n c l u d i n g two 
standard c o a l s were ground using s p e c i a l i s e d equipment (KcCrone 
Micronising M i l l ) v/hich was expected to reduce the majority of the 
sample to l e s s than lOjim i n diam.eter. V/hen the p a r t i c l e s i z e d i s -
t r i b u t i o n s were evaluated, however, the r e s u l t s were disappointing. 
At most only 45^ of the p a r t i c l e s were smaller than lOjin, although 
f o r a l l the samples at l e a s t 95f^ of the p a r t i c l e s were s m a l l e r than 
25 J i m . Wet grinding of the sam.ples using water or more e s p e c i a l l y 
acetone would be expected to produce more p a r t i c l e s s maller than 
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P i f % 44 U n i v a r i a t e search f o r optimum power: s l u r r y atomisation using simplex optimised conditions 
1 8 0 
1 5 0 -






measurements taken at the manganese 403.1 nm atom l i n e , 
pumping a 4/y ""'/v s l u r r y at 2.0 ml.min-' 
% s i g n a l 
O background 
• s i g n a l to background r a t i o 
'optimum' value as i d e n t i f i e d 
by simplex procedure 
P0^ ;/lf:R/lcvi 
lOjjm. Using, water, however, l o s s e s of vrater soluble t r a c e metals 
components are p o s s i b l e , while acetone would a l t e r the sample com-
p o s i t i o n by removing moisture from the c o a l . For the c o a l s examined 
a d i r e c t c o r r e l a t i o n between moisture and ash content and the ease 
of grinding was apparent and t h i s i s demonstrated i n Table 24. As 
the moisture content decreased and the ash content i n c r e a s e d , then 
the number of p a r t i c l e s s maller than lO^m i n c r e a s e d . The p o s s i b l e 
e f f e c t s of t h i s trend on atomisation e f f i c i e n c y are discussed i n the 
following s e c t i o n . 
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T a b l e 24 
C o r r e l a t i o n between a s h and m o i s t u r e c o n t e n t cuid the apparent 
ease of g r i n d i n g o f the f i v e c o a l s a n a l y s e d 
C o a l % moisture % ash % (by number) o f 
p a r t i c l e s s m a l l e r 
than ID jJm 
NBS SRM 1632a 2.2 22.2 45.1 
(bituminous c o a l l 
NCB C 3.4 21.6 42.2 
NCB B 5.9 17.5 39.6 
NCB A 9.4 4.6 31.8 
NBS SRM 1635 18.8 4.3 2-8.5 
(sub-bituminous c o a l } 
Moisture and a s h c o n t e n t s determined u s i n g NCB s t a n d a r d methods 
P a r t i c l e s i z e d i s t r i b u t i o n s e v a l u a t e d u s i n g C o u l t e r Counter. 
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6.3.3 ^J^ALYSIS OP COAL SLURRIES BY DIRECT ATOniSATIQir IK A?? 
IilDUCTP/ELY COUPLED PLASF,:A 
The ground coal samples v/ere used to prepare s l u r r i e s {lOf, ^'/v 
i n aqueous 1^ V v T r i t o n X-lOO) and attempts were made to determine 
s e l e c t e d t r a c e metals by d i r e c t atomisation these s l u r r i e s i n an 
i n d u c t i v e l y coupled plasma. Problems were immediately encountered 
due to the high l e v e l s of i r o n i n the samples which r e s u l t e d i n 
numerous intense i r o n emission l i n e s . r.Tany of the a n a l y t i c a l l i n e s 
p r eferred f o r the determination of the de s i r e d elements i n t y p i c a l 
aqueous samples were i n t e r f e r e d with by these i r o n emissions. I n 
add i t i o n , d i f f e r e n t c o a l s containing d i f f e r e n t amounts of i r o n v/ere 
s u s c e p t i b l e to these s p e c t r a l i n t e r f e r e n c e s to varying degrees. 
Consequently a range of a n a l y t i c a l emission l i n e s was i n v e s t i g a t e d 
f o r each of the elements of i n t e r e s t . Each l i n e was evaluated i n 
tenns of s e n s i t i v i t y (SBR) and r e l a t i v e freedom from s p e c t r a l i n t e r -
f e rences. Both atom and ion emission l i n e s were examined using the 
plasma operating conditions given i n Table 20. The a n a l y t i c a l l i n e s 
f u l f i l l i r - g these requirements to the g r e a t e s t extent were s e l e c t e d 
fo r the a n a l y t i c a l procedures to follow. Vanadium gave 
b e t t e r r e s u l t s using ion l i n e s and t y p i c a l ion l i n e operating con-
d i t i o n s . Copper, i r o n , m.anganese and n i c k e l gave b e t t e r r e s u l t s 
using atom l i n e s and t y p i c a l atom l i n e conditions (Table 20). Since 
the simplex optimisation procedures f o r s l u r r i e s had been performed 
using an atom l i n e (manganese 403.1 rm) , the f e a s i b i l i t y of de t e r -
mining these l a t t e r elements using the optimised s l u r r y operating 
conditions was i n v e s t i g a t e d . While the SBR a v a i l a b l e f o r manganese 
v/as s u f f i c i e n t to determine t h i s element at t y p i c a l l e v e l s i n coal 
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s l u r r i e s , the S3H*s f o r copper and n i c k e l were very lov/. T h i s phen-
omenon h i g h l i g h t s the v a r i a t i o n s i n the atomisation processes occur-
r i n g i n the plasma f i r e b a l l . Using conditions optimised f o r aqueous 
s o l u t i o n s of inar^anese, s e v e r a l other metals ( i n a d d i t i o n to manga-
nese) gave e a s i l y measureable emissions when ato-.ised from c c a l 
s l u r r i e s . However, when conditions s p e c i f i c a l l y optimised f o r the 
determination of manganese i n coal s l u r r i e s were used the .T:etals 
other than mar:ganese gave only very small emission s i g n a l s when 
atomised from coal s l u r r i e s . Simplex o p t i m i s a t i o n of each of the 
emission l i n e s s e l e c t e d f o r the determination of copper, i r o n and 
n i c k e l would have produced i n d i v i d u a l s e t s of operating conditions 
s p e c i f i c f o r each metal. ?rom these s e t s i t may have been p o s s i b l e 
to formulate a s i n g l e set of compromise conditions s u i t a b l e f o r the 
a n a l y s i s of a l l three metals. T h i s process could have been repeated 
f o r vanadium to e s t a b l i s h compromise conditions f o r analyses usirig 
ion l i n e s . However, such a comprehensive i n v e s t i g a t i o n was outside 
the scope of t h i s work.^ Since adequate SBR's had been obtained f o r 
copper, i r o n , m.anganese and n i c k e l using the atom l i n e conditions 
given i n Table 20, these conditions were adopted f o r the a n a l y s i s 
of these elements. Vanadium s i m i l a r l y gave poor SBR's using the 
optimised s l u r r y operating conditions and these elements were d e t e r -
mined i n coal s l u r r i e s using the i o n l i n e conditions given i n 
Table 20. 
E a r l i e r s t u d i e s had shovm that SBR increased with sample pumping 
ra t e ( ? i g s 31-34). Using a 10!^ "'/v coal s l u r r y the optimum sample 
pumping r a t e was 15 ml.min""^. To prevent undue waste of sample s l u -
r r y the r e c y c l i n g spray chamber ( P i g . 19) was used throughout. 
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I n addition to the co a l s analysed a portion of the ash obtained from 
SKCi l632a v/as used to prepare a s l u r r y ( c a . 2f! "Vv, whJLch, when 
c a l c u l a t e d as a v/eight of v/hole coal represented a s l u r r y concentra-
t i o n of lOc; ^ / v ) . The r e s u l t s obtained f o r the f i v e c o a l s and the 
ash are shov/n i n Tables 25-29, together with the apparent atorrasation 
e f f i c i e n c i e s ( i . e . p . s l u r r y atomisation values as a percentage of 
the flame a.a.s. v a l u e s ) . C o r r e l a t i o n p l o t s of these r e s u l t s are 
given i n P i g s . 45-49. 
Qua n t i t a t i v e measurements of peak i n t e n s i t i e s were taken by meicing 
r e p l i c a t e scans a c r o s s the a n a l y t i c a l l i n e s used. The appropriate 
background c o n t r i b u t i o n was subtracted to y i e l d the net emission 
s i g n a l . Since high background l e v e l s were observed at most of the 
wavelengths of i n t e r e s t , r e l a t i v e l y high a t t e n u a t i o n ( t y p i c a l l y 
100 mV-lv f u l l - s c a l e d e f l e c t i o n on the recorder) v/as required. Con-
sequently the peaks measured were often small i n r e l a t i o n to the 
o v e r a l l background s i g n a l . An estimate of the p r e c i s i o n a v a i l a b l e 
v/as made by measuring the maxirr:um and minimum values p o s s i b l e f o r 
each peak as w e l l as the value considered to represent the mean peak 
height. By t h i s method the variance of the mean peak height measure-
ments v/as found to be approximately - 25f^- Hovifever, the values 
Pleasured f o r the-maximum and minimum peak heights had not been r e -
fi n e d to exclude any co n t r i b u t i o n s from spurious noise peaks. A f t e r 
e l i m i n a t i o n of very high and very low measurements (of maximum and 
minimum peak height r e s p e c t i v e l y ) , the variance of the measurements 
was estimated to be approximately - 15!^. A f t e r taking into account 
the r e l a t i v e l y small v a r i a t i o n s i n background l e v e l the o v e r a l l 
p r e c i s i o n f o r three r e p l i c a t e measurements was estimated to be 
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approximately - 12f:. The u n c e r t a i n t y of the flame atomic absorp-
t i o n r e s u l t s was t y p i c a l l y - 5-10^. 
R e s u l t s were obtained f o r copper, i r o n , manganese, n i c k e l and vana-
dium. As a b a s i s f o r the d i s c u s s i o n of these r e s u l t s reference i s 
made to Tablo 2 4 . The order of ' g r i n d a b i l i t y ' of the c o a l s (m.ea-
sured i n terms of the number of p a r t i c l e s s m a l l e r than l O j j n ) i s : 
SK^ l632a>C>B>A>CRI,: 1635. Thus, i f atomisation e f f i c i e n c y i s 
simply and most d i r e c t l y a f f e c t e d by p a r t i c l e s i z e , the atomisation 
e f f i c i e n c i e s observed f o r these c o a l s should follow a s i m i l a r order. 
T h i s trend was not observed f o r the coals analysed and the r e s u l t s 
obtained f o r copper, n i c k e l and vanadium showed that atomisation 
e f f i c i e n c i e s were biased i n favour of those s l u r r i e s containing the 
highest concentrations of small p a r t i c l e s . For copper and vanadiuum, 
good agreement was observed between the values determined experiment-
a l l y (flame atomic absorption and s l u r r y atomisation) and the MBS 
c e r t i f i c a t e values f o r the stsmdard c o a l s analysed. V/hen the non-
standard c o a l s were analysed f o r copper and vanadium the agreement 
betv/een the values determined using flame atomic absorption s p e c t r o -
metry and s l u r r y atomisation v/as g e n e r a l l y l e s s s a t i s f a c t o r y . The -
d i s c r e p a n c i e s were random and no s i n g l e coal v/as d i e n t i f i e d as 
g i v i n g c o n s i s t e n t l y high or low r e s u l t s using the s l u r r y atomisation 
method. The r e s u l t s f o r the determination of n i c k e l imply that there 
has been some contamination and/or segregation of the sample. T h i s 
i s demonstrated by the c o n s i s t e n t discrepancy between the values 
determined experimentally f o r SR:.' l632a ( c a . 39j>*g.g~'^ using flame 
atomic absorption spectrometry and s l u r r y atomisation) and the i:3S 
c e r t i f i e d value (21.4jig.g~'^) . O v e r a l l the r e s u l t s obtained f o r 
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T a b l e 25 
Dete r m i n a t i o n of Copper 
atom l i n e c o n d i t i o n s , 327.4 nm. 
A comparison of the v a l u e s determined u s i n g flame atomic 
a b s o r p t i o n spectrometry ( f . a . a . s . ) and i n d u c t i v e l y coupled 
plasma s l u r r y a t o m i s a t i o n ( i . c . p . s . a . ) 
Sample s l u r r y 
f . a . a . s 
technique 
i . c . p . s . a NBS c e r t i f i c a t e v a l u e 
c o n c e n t r a t i o n of copper/pg.g 
SRM 1632a 


















V a l u e s i n p a r e n t h e s e s i n d i c a t e apparent a t o m i s a t i o n e f f i c i e n c i e s 




P i g . 43 C o r r e l a t i o n of r e s u l t s obtained f o r Copper i n coal using flame a.a.s. and i.e.p. s l u r r y 
atomisation 
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• Snw 1 6 3 2 a (ash) 
• Sm?. 1632a ( c o a l ) 
O SRIJ! 1 6 3 5 
• KCB A 
^ JICB B 
^ RCB C 
g.e"''' COVPRR (f.a.a.o.) 
T a b l e 26 
Determination of N i c k e l 
atom l i n e c o n d i t i o n s , 341.5 nm 
A comparison of the v a l u e s determined u s i n g flame atomic 
a b s o r p t i o n spectrometry ( f . a . a . s . ) and i n d u c t i v e l y coupled 
plasma s l u r r y a t o m i s a t i o n ( i . c . p . s . a . ) 
Sample s l u r r y 
f . a . a . s . 
t echnique 
i . c . p . s . a NBS c e r t i f i c a t e v a l u e 
c o n c e n t r a t i o n . o f n i c k e l / u g . g 
SRM 1632a 


















V a l u e s i n p a r e n t h e s e s * i n d i c a t e apparent a t o m i s a t i o n e f f i c i e n c i e s 
r e l a t i v e to v a l u e s o b t a i n e d u s i n g f . a . a . s . 
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^ifK, 46 C o r r e l a t i o n o f r e s u l t s o b t a i n e d f o r N i c k e l i n c o a l usinf: flame a.a.s. and i . e . p . s l u r r y 








( i c . p . s . a . ) 
[ I 
C) 
• SRiM l63?a (ash) 
• sra.^ 1632a ( c o a l ) 
O snr.i 1635 
• NCB A 
0 NCB B 
^ NCB C 
j^G.C"^ NTCKET. ( f . a . a . s . ) 
T a b l e 27 
Dete r m i n a t i o n of Vanadium 
ion l i n e c o n d i t i o n s , 290.9 nm 
A comparison of the v a l u e s determined u s i n g flame atomic 
a b s o r p t i o n spectrometry ( f . a . a . s . ) and i n d u c t i v e l y coupled 
plasma s l u r r y a t o m i s a t i o n Ci.c.p.s.a.) 
Sample s l u r r y 
f . a . a . s 
t echnique 
1.c.p.s .a NBS c e r t i f i c a t e v a l u e 
c o n c e n t r a t i o n . o f vanadium/yg.g 
SRM 1632a 


















V a l u e s i n p a r e n t h e s e s i n d i c a t e apparent a t o m i s a t i o n e f f i c i e n c i e s 
r e l a t i v e to v a l u e s o b t a i n e d u s i n g f . a . a . s . 
212-
Fip.. 47 C o r r e l a t i o n o f r e s u l t s o b t a i n e d f o r Vanadium i n c o a l usin^; flaine a.a.s. and i . e . p . s l u r r y 












j i e - G VAMADIUT/! 
( i . c . p . s . a . ) 
T \ i 1 i \ . 1 1 1 1 \ r 
10 20 30 Z»0 50 60 70 
• Sm l632a (ash) 
• Srai 1632a ( c o a l ) 
O SRIrl 1635 
• NCB A 
0 NCB B 
^ NCB C 
yt^Z'"- VAllAmm ( f . a . a . s . ) 
T a b l e 28 
Determination of Manganese 
atom l i n e c o n d i t i o n s , 403,1 nra 
A comparison of the v a l u e s determined u s i n g flame atomic 
a b s o r p t i o n spectrometry ( f . a . a . s . ) and i n d u c t i v e l y coupled 
plasma s l u r r y a t o m i s a t i o n ( i . c . p . s . a . ) 
Sample s l u r r y 
f . a . a . s 
technique 
i . c . p . s . a NBS c e r t i f i c a t e v a l u e 
c o n c e n t r a t i o n . o f manganese/Ug.g 
SRM 1632a 21.5 
SRM. 1632a ash 
SRM 1635 28.3 
NCB A 34 
NCB B 73 









V a l u e s i n p a r e n t h e s e s i n d i c a t e apparent a t o m i s a t i o n e f f i c i e n c i e s 
r e l a t i v e t o v a l u e s o b t a i n e d u s i n g f . a . a . s . 
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j i g . 6 ?;iANGANESE 
( i . c p . s . a . ) 
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-1 
• SRM X632a (ash) 
• SRM 1632a ( c o a l ) 
O SRM 1635 
• NCB A 
^ T3CB B 
^ NCB C 
jug.g MANGANESE ( f . a . a . s . ) 
T a b l e 29 
Determination of I r o n 
atom l i n e c o n d i t i o n s , 3 7 2 .0 nm 
A comparison o f the v a l u e s determined u s i n g flame atomic 
a b s o r p t i o n spectrometry ( f . a . a . s . ) and i n d u c t i v e l y coupled 
plasma s l u r r y a t o m i s a t i o n ( i . c . p . s . a . ) 
technique 
f . a . a . s . i . c . p . s . a NBS c e r t i f i c a t e v a l u e 
Sample s l u r r y 
c o n c e n t r a t i o n , of iron/ug.g""^ 
SRM 1632a 12,560 3,830 (-30) 11,100 
SRM 1632a ash 3,416 (27) 
SRM 1635 3,070 736 (25) 2,390 
NCB A 7,160 2,910 (41) 
NCB B 16,340 6,542 (.40). 
NCB C 20,550 7,088 (34) 
V a l u e s i n p a r e n t h e s e s i n d i c a t e apparent a t o m i s a t i o n e f f i c i e n c i e s 
r e l a t i v e to v a l u e s o b t a i n e d u s i n g f . a . a . s . 
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( i . c . p . s . a . ) 
U SRM 1632a .(ash) 
• SRM l 6 3 2 a ( c o a l ) 
O SRfJ 1635 
• >TCB A 
0 NCB B 
^ NCB C 
r S.6"-*- IRON /lO^ ( f . a . a . s . ) 
n i c k e l u s i n g flar.ie a t o n i c a b s o r p t i o n s p e c t r o m e t r y and s l u r r y ato.fr:is-
a t i o n shov/ed good agreement f o r a l l the c o a l s except SVd' l o 3 5 , which 
gave c o n s i s t e n t l y h i g h r e s u l t s u s i n g the s l u r r y a t o m i s a t i o n t e c h n i q u e . 
The r e s u l t s o b t a i n e d f o r manganese are d i s a p p o i n t i n g and shov/s poor 
agreement between the values determined u s i n g flame atoniie a b s o r p t i o n 
speetro.T.etry and s l u r r y ato.'nisation. The reasons f o r the v a r i a b l e 
r e c o v e r i e s are u n c l e a r and any atte.-npts t o c o r r e l a t e a t o m i s a t i o n e f f i -
c i e n c y v.dth p a r t i c l e s i z e d i s t r i b u t i o n a re .meaningless. 
The lov.' r e c o v e r i e s o f i r o n were a t t r i b u t e d i n i t i a l l y t o the h i g h l e v e l s 
o f i r o n i n t h e ato.T. c e l l causing s e l f a b s o r p t i o n o f the s i g n a l o r 
s a t u r a t i o n o f the p h o t o m u l t i p l i e r t u b e . Both s u g g e s t i o n s were d i s -
counted when d i l u t i o n s o f one s l u r r y (10 and 2C0 f o l d ) f a i l e d t o 
produce r e s u l t s s i g n i f i c a n t l y d i f f e r e n t (- t o the parent s l u r r y . 
The reasons f o r t h e poor ato.'nisation e f f i c i e n c i e s observed f o r i r o n 
( r e l a t i v e t o o t h e r elements) are u n c l e a r . One p o s s i b i l i t y i s t h a t 
the i r o n i s c o n t a i n e d i n c o a l as r e l a t i v e l y l a r g e i n c l u s i o n s o f o x i d e s 
and s u l p h i d e s . G r i n d i n g o f the sample reduces these i n c l u s i o n s t o 
the same s i z e as the co a l p a r t i c l e s , b u t , s i n c e such .material i s con-
s i d e r a b l y more r e f r a c t o r y than c o a l , aton-;isation may be slov.' o r 
i n c o m p l e t e . 
D u r i n g n e b u l i s a t i o n o f the s l u r r i e s , d r o p l e t s o f a e r o s o l i . T : p i r ^ i n g 
on the bottom o f the spray chamber and p a r t l y n e b u l i s e d s l u r r y v/ere 
r e t u r n e d t o the sample r e s e r v o i r . I t has been suggested by some 
au t h o r s t h a t o n l y p a r t i c l e s s m a l l e r t h a n l O j j i m c o n t r i b u t e a p p r e c i a b l y 
t o the a n a l y t e e m i s s i o n s i g n a l . ?urther.T.ore i f t h e o r d e r - s o r t i n g 
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e f f e c t o f the spray chanber r e s u l t s i n s e l e c t i v e t r a n s p o r t o f ver y 
Si-nall p a r t i c l e s t o t::e atori! c e l l , then the s l u r r y r e c y c l e d t o the 
sarnple r e s e r v o i r v / o u l d be r e l a t i v e l y d e p l e t e d i n these p a r t i c l e s . 
I n c o mbination these tv/o e f f e c t s v;culd be expected t o cause so-e de-
t e r i o r a t i o n i n s i g n a l s i z e since successive p o r t i o n s o f s l u r r y nebu-
l i s e d i n t o the plasn-ia v.'ould c o n t a i n p r o g r e s s i v e l y fewer s:naller 
p a r t i c l e s . U n f o r t u n a t e l y the a b s o l u t e weight o f s l u r r y r e a c h i n g the 
p l a S : n a d u r i n g t y p i c a l a n a l y s i s t i n e s was very s T ; a l l and any d e t e r i o r -
a t i o n v/ould have been ve r y S " a l l . I'o s i g n i f i c a n t decrease i n s i g n a l 
s i z e was observed, even a f t e r p r o l o n g e d n e b u l l s a t i o n o f one c o a l 
s l u r r y . There i s some evidence t o suggest t h a t , f o r the range o f par-
t i c l e s i z e s I n v e s t i g a t e d ( c a . 2-30JJ.T:), a t o m i s a t l o n e f f i c i e n c i e s appear 
to be independent o f the p a r t i c l e s i z e d i s t r i b u t i o n o f the samples, 
e t h e r a u t h o r s d i s c u s s i n g these para.^eters have been concerned l a r g e l y 
v / i t h the a n a l y s i s o f r e f r a c t o r y g e o l o g i c a l . T . a t e r i a l s . I t n-ay be t h a t 
the s j n a l l p a r t i c l e s i z e s r e p o r t e d l y necessary f o r e f f i c i e n t a t o T . l s a t i o n 
o f these m a t e r i a l s are not necessary f o r c o a l . 31nce more than 95f' 
(by number) o f the p a r t i c l e s present i n a l l the c o a l samples analysed 
v/ere s m a l l e r t h a n 30JJ m, t h i s value rnay be c l o s e r t o any c r i t i c a l 
p a r t i c l e s i z e than i s l O j j m . 
T h i s f e a t u r e may be r e l a t e d b o t h t o the c o m p o s i t i o n o f the m a t e r i a l s 
undergoir:g a t o m i s a t i o n , and the r a t e s a t v/hich t h e processes occur. 
Since a t o m i s a t i o n o f r e f r a c t o r y m a t e r i a l s ( e . g . ash) sh o i i l d be slower 
than f o r c o a l l o n ^ r e s i d e n c e times and very s m a l l p a r t i c l e s may be 
necessary t o ensure complete a t c n l s a t i o n . I?or c o a l a tv/o stage atom-
i s a t i o n process :r.ay be suggested. ? l r s t l y the r e l a t i v e l y l a r g e carbon 
p a r t i c l e s are ashed o r p y r o l y s e d i n the plasma f i r e - b a l l , l e a v l n t : 
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behind s x a l l e r p a r t i c l e s of ash, which are subsequently aton-.ised. 
The o v e r a l l ti.T.e s c a l e s f o r the slov; a t o T ; i s a t i o r . of ash p a r t i c l e s 
and t h e tvfo-sta£e a t o r n i s a t i o n o f c o a l p a r t i c l e s may be comparable. 
AtteTipts vvere made t o confirTn t h i s rnechanisrr. by scanning the e m i s s i o n 
spectrur^ o f a c o a l s l u r r y i n o r d e r t o l o c a t e m o l e c u l a r bandheads due 
c:: r a d i c a l s (359. 388 and 422 rnn) , CH r a d i c a l s (432 nn) and r a d i -
c a l s (474 and 517 n.T.) . V/ith t h e e x c e p t i o n of v/eak: CH r a d i c a l emis-
s i o n s a t ca. 432 nm none of these bands was observed. I n a l l proba-
b i l i t y t h i s was due t o d i s s o c i a t i o n o f any r e a c t i o n p r o d u c t s by the 
h i g h t e m p e r a t u r e s i n the atom c e l l . 
Good a£rreerr:ent was observed between t he r e s u l t s o b t a i n e d f o r the 
a n a l y s i s o f the STU.i l6 3 2 a coal s l u r r y and the ash s l u r r y produced 
fro.T. t h i s c o a l . T h i s i s i n t e r e s t i n g when the p a r t i c l e s i z e d i s t r i b -
u t i o n s o f these two samples are c o n s i d e r e d , .^rom Table 20 i t i s seen 
t h a t the low-ash c o a l s produce fev;er s m a l l p a r t i c l e s on g r i n d i n g t h a n 
do h i g h - a s h c o a l s . Thus" i t may be p o s t u l a t e d t h a t t h e r e l a t i v e l y 
l a r g e p a r t i c l e s l e f t a f t e r g r i n d i n g are l a r g e l y carbonaceous i n coin-
p o s i t i o n . Subsequent a s h i n g o f the c o a l rem.oves carbonaceous m a t e r i a l 
so the number o f these l a r g e p a r t i c l e s should be reduced, i . e . t h e 
ash should c o n t a i n a h i g h e r percentage o f s m a l l p a r t i c l e s t h a n t h e 
c o a l f r o m which i t was produced. P a r t i c l e s i z e a n a l y s i s o f t h e ash 
from SRI:: l 6 3 2 a c o n f i r m s t h i s i n t h a t o n l y 45?' o f the o r i g i n a l c o a l 
p a r t i c l e s were s m a l l e r t h a n l O j j i m , whereas 75^^ o f the ash p a r t i c l e s 
v/ere s m a l l e r t h a n I C j i m (Table 3 0 ) . Hence b e t t e r a t o m i s a t i o n e f f i -
c i e n c i e s might be expected f o r the ash s l u r r j r t h a n f o r the c o a l 
s l u r r y . I f however the p o s t u l a t e d a t o m i s a t i o n mechanism i s c o r r e c t 
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e q u i v a l e n t e f f i c i e n c i e s f o r c o a l and a s h s l u r r i e s might he u n d e r -
s t a n d a b l e . A comparison o f the v a l u e s detcr.Viined f o r the tv/o s l u r r i e s 
r e v e a l e d t h a t the manganese and i r o n v a l u e s a c a i n showed no c o n s i s -
t e n c y , both e l e m e n t s i n f a c t g i v i n g lovver r e c o v e r i e s f o r the a s h 
s l u r r y (85> and 43:' o f the c o a l s l u r r y f i g u r e f o r i r o n and manganese 
r e s p e c t i v e l y ) . F o r copper, n i c k e l and vanadiu:K ( t h o s e elen-ents g i v i n g 
the b e s t r e s u l t s o v e r a l l ) the d i f f e r e n c e s between the a s h and c o a l 
s l u r r y v a l u e s were not s i g n i f i c a n t , - 5?;. 
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Table 30 
P a r t i c l e s i z e d i s t r i b u t i o n s of NBS SRM 1632a and the ash produced 
from t h i s coal. 
Upper l i m i t of 









































% of p a r t i c l e s smaller than 10 ]sm 45.1 74.6 
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6.4 (X)NC:iU3IQVS 
The a t o - n i s a t i o n o f whole c o a l s l u r r i e s u s i n e t h e h i g h teniper-
a t u r e atoa. c e l l a v a i l a b l e w i t h t h e i n d u c t i v e l y coupled plas.-na has 
been i n v e s t i g a t e d . The method has been found t c show c o n s i d e r a b l e 
promise f o r t h e d e t e r n i i n a t i o n o f t r a c e m e t a l s i n c o a l . V/hile prepa-
r a t i o n and i n t r o d u c t i o n o f the sanole i n t o t h e plasnia have been found 
t o be s i n p l e and r a p i d , a n a l y t i c a l p r o b l e n s o f a n:!ore fundaniental 
n a t u r e have been encountered. 
T r a d i t i o n a l l y problems o f n e b u l i s e r and b u r n e r blockage are encount-
er e d when sa-Tiples c o n t a i n i n g suspended s o l i d s o r h i g h s a l t concen-
t r a t i o n s are analysed u s i n g c o n v e n t i o n a l f l a m e t e c h n i q u e s . A s i g n i f -
i c a n t c o n t r i b u t i o n t o t h e avoidance o f such problems has been nade by 
the .'nodified 3abingto.n-type n e b u l i s e r used t h r o u g h o u t t h i s work. 
B l o c k i n g o f t h i s n e b u l i s e r i s avoided by i n t r o d u c i n g t h e s l u r r y i-nto 
t h e n e b u l i s i n g gas stream v i a a r e l a t i v e l y wide diameter tube ( c a . 
0.8 mn i . d . , co.'npared t o ca. 0,35 r^^r. f o r t y p i c a l Ir-einhard n e b u l i s e r s ) . 
T h i s type o f n e b u l i s e r does n o t f u n c t i o n by g e n e r a t i n g a V e n t u r i 
e f f e c t a t t h e g a s / l i c u i d i n t e r f a c e and consequently has no n a t u r a l 
uptake riechanis .71 . A c c o r d i n g l y a c o n s t a n t head o f sample i s main-
t a i n e d a t -the n e b u l i s e r t i p u s i n g a s-r.all p e r i s t a l t i c punp. V/ith 
t h i s arrangement the n e b u l i s e r has been found t o g i v e e x c e l l e n t s e r -
v i c e f o r a wide range o f s l u r r y c o n c e n t r a t i o n s (up t o 25f!- Vv) , i n t r o 
duced at h i g h saj.iple pumping r a t e s (15-20 rnl.min ^) and c o n t a i n i r i g 
r e l a t i v e l y l a r g e p a r t i c l e s (r.axinum p a r t i c l e s i z e 105j-in) . 
Excessive consumption o f s l u r r y when pumping sample a t 15 n l . n - i n ^ 
i s avoided u s i n g a gas.tight r e c y c l i n g systex: i n which s l u r r y a e r o s o l 
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d r o p l e t s impinging on the v/alls of the spray-chamber and p a r t l y 
nebulised s l u r r y eire returned to the sample r e s e r v o i r v i a the spray 
chamber d r a i n . I f only a l i m i t e d amoixnt of sample i s a v a i l a b l e lov/er 
pumping r a t e s ( t y p i c a l l y 0.5-2.5 ml.min"^) can be used, though a t the 
cost of a l o s s of s e n s i t i v i t y ( t y p i c a l l y 20%). 
At the present time the major a n a l y t i c a l problems are a s s o c i a t e d w i t h 
the r e s t r i c t e d freedom of l i n e s e l e c t i o n . Tv/o independent f a c t o r s 
are r e s p o n s i b l e f o r these problems. F i r s t l y the long residence times 
i d e n t i f i e d by the simplex procedure involve viewing the plasma high 
above the load c o i l ( t y p i c a l l y 34 mm), V/hile the l e v e l of background 
r a d i a t i o n should be r e l a t i v e l y lov/ at t h i s height, s u f f i c i e n t time 
may have elapsed to allow extensive recombination of metal ions and 
e l e c t r o n s so that emissions at atom l i n e s should be more i n t e n s e 
than at i o n l i n e s . Attempts to e x p l o i t the g r e a t e r s e n s i t i v i t y of 
some of the i o n l i n e s a v a i l a b l e f o r the elements determined neces-
s a r i l y i n v o l v e looking lower i n the more e n e r g e t i c regions of the 
plasma t a i l f l a m e . T h i s i n turn reduces the residence time (and poss-
i b l y the degree of atomisation) of the sample, and i n c r e a s e s the l e v e l 
of background r a d i a t i o n . Both e f f e c t s combine to produce i n f e r i o r 
SBR's and no g a i n i n a n a l y t i c a l performance i s obtained. Thus, due 
to the extended residence times required to ensure complete atomis-
a t i o n of the s l u r r y p a r t i c l e s , the use of some p o t e n t i a l l y s e n s i t i v e 
i o n l i n e s i s precluded. 
Secondly, as a r e s u l t of s p e c t r a l i n t e r f e r e n c e s from i r o n , many of 
the p r e f e r r e d atom l i n e s are u n a v a i l a b l e . While a l t e r n a t i v e l i n e s 
may be found, the s e n s i t i v i t i e s of these l i n e s may be i n s u f f i c i e n t 
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to allow detennination of the d e s i r e d metals at l e v e l s t y p i c a l i n 
coal s l u r r i e s . The poor r e s o l v i n g power of the monochromator a v a i l -
able i n t h i s work serves only to aggravate these problems. On way 
to overcome these problems might be to determine the i r o n content of 
each coal and then to prepare c a l i b r a t i o n standards with a c c u r a t e l y 
matched matrices f o r each i n d i v i d u a l s l u r r y . Hov/ever, t h i s neces-
s a r i l y r e q u i r e s an atomisation e f f i c i e n c y of. 100^ f o r i r o n so that the 
amount of i r o n added to each set of standards can be detennined accu-
r a t e l y . The r e s u l t s obtained f o r i r o n i n d i c a t e that t h i s approach i s 
not as yet f e a s i b l e . 
Prom the r e s u l t s of the experiments performed i t has become c l e a r that 
s p e c t r a l i n t e r f e r e n c e s pose the major a n a l y t i c a l problems i n t h i s 
method. Where interference.-free l i n e s can be found the a p p l i c a t i o n of 
simplex o p t i m i s a t i o n techniques should a s s i s t i n i d e n t i f y i n g the 
experimental conditions which w i l l enable the s e n s i t i v i t y of such l i n e s 
to be e x p l o i t e d f u l l y . C l e a r l y there i s much scope f o r expanding the 
simplex o p t i m i s a t i o n work already c a r r i e d out here, not only i n 
continuing s i m i l a r o p t i m i s a t i o n experiments on a wider range of 
elements and s p e c t r a l l i n e s , but a l s o to i n v e s t i g a t e the a n a l y t i c a l 
p o t e n t i a l of new systems (e.g. an a l l - n i t r o g e n plasma has r e c e n t l y 
been reported ) ( 2 2 9 ) . 
Recent developments (230, 231) i n I . C P . instrumentation appear to 
favour the more f l e x i b l e computer c o n t r o l l e d scanning s e q u e n t i a l 
spectrometers i n preference to d i r e c t reader simultaneous d e t e c t i o n 
systems. Sequential systems no longer r e q u i r e a n a l y s e s to be per-
formed using a s i n g l e set of compromise operating conditions, s i n c e 
- 225 -
operational parameters can be changed to s u i t each element i n t i i m . 
Therefore i t i s l o g i c a l to extend the r o l e of the computer to i n c l u d e 
manipulation of the plasma c o n t r o l s ( i . e . gas flows, power and view-
i n g h e i g h t ) . Such a system should be i d e a l l y s u i t e d to simplex optim-
i s a t i o n s t u d i e s and v;ould give information not only about the funda-
mental mechanisms of plasma systems, but also f o r general a n a l y t i c a l 
work, where o p t i m i s a t i o n of operating parameters f o r d i f f e r e n t elem-
ents i n v a r i o u s matrices could be achieved r a p i d l y and e f f i c i e n t l y . 
The r e s u l t s of the o p t i m i s a t i o n s t u d i e s c a r r i e d out here suggest that 
the a l l - a r g o n plasma i s more s u i t e d to the determination of t r a c e 
metals i n coal s l u r r i e s than i s the nitrogen-cooled plasma. T h i s 
enables a lov/er power (and hence l e s s expensive) generator to be 
used. The argon plasma produces only a lov/ background with r e l a t i v e l y 
few molecular bands, and a p o t e n t i a l l y wider range of s e n s i t i v e 
s p e c t r a l l i n e s i s a v a i l a b l e . Unfortunately the matrix background 
from coal s l u r r i e s i n t e r f e r e s v/ith many of the p r e f e r r e d a n a l y t i c a l 
l i n e s . I f a d i r e c t reading spectrometer i s used to measure the 
emission s i g n a l , the highest p o s s i b l e r e s o l u t i o n must be used to 
eliminate or minimise matrix i n t e r f e r e n c e s on the f i x e d set of 
a n a l y t i c a l l i n e s a v a i l a b l e . I f a more f l e x i b l e scanning monochrometer 
i s used s p e c t r a l i n t e r f e r e n c e s can often be overcome by using d i f f -
erent s p e c t r a l l i n e s , or compensated f o r using wavelength scanning 
techniques ( a s i n t h i s work). I n e i t h e r case a monochromator of 
high r e s o l v i n g power w i l l a s s i s t c onsiderably i n s u c c e s s f u l l y over-
coming i n t e r f e r e n c e s of t h i s kind. 
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I n conclusion, the p o t e n t i a l f o r the rapid a n a l y s i s of whole co a l 
s l u r r i e s using the i n d u c t i v e l y coupled plasma i s c l e a r l y denonstrated. 
A n a l y s i s times are reduced from t y p i c a l l y l i - 2 working days ( s a y f o r 
f i v e elements determined i n one c o a l sample using flame atomic absorp-
t i o n methods) to l e s s than ^ of a working day, i n c l u d i n g the time 
taken to g r i n d the sample. E l i m i n a t i o n or avoidance of s p e c t r a l 
i n t e r f e r e n c e s (perhaps i n v o l v i n g v a r i a b l e s t e p - s i z e simplex techniques) 
v / i l l enhance considerably the u t i l i t y of the method v;hich should be 
a p p l i c a b l e to a wide range of c o a l s and r e l a t e d m a t e r i a l s , e.g. ashes 
and coke• 
V/hen t h i s method i s used i n conjunction v/ith the methods descr i b e d 
p r e v i o u s l y f o r mercury, a r s e n i c and selenium an o v e r a l l s t r a t e g y f o r 
the determination of a wide range of t r a c e elements i n coal i s a v a i l -
a b l e , thus enabling the c o n s t r u c t i o n of s i g n i f i c a n t t r a c e metal 
balances i n and around c o a l - u t i l i s i n g power p l a n t s . 
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